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"'’Chemiluminescence  from  lead  oxide  has  been  observed 
from  the  reaction  between  lead  (Pb)  vapor  and  The 

spectrum  obtained  from  this  emission  has  been  compared  to 
that  obtained  from  the  chemiluminescence  observed  during 
the  reaction  between  Pb  and  ground  state  .  A  signi¬ 

ficant  enhancement  of  the  A  and  B  states  over  the  a  state 
was  noted.  Spectral  analysis  has  led  to  the  assignment 
of  225  transitions  from  the  a,  b.  A,  B,  C,  C",  D  and  E 
excited  states  to  the  ground  state.  A  simple  kinetic 
analysis  was  performed  for  the  two  reactions  in  which  a 
plot  of  the  logarithm  of  the  intensity  of  a  spectral  band 
vs  1/T-*1<  was  prepared.  From  the  slope  of  the  straight 
lines  produced,  the  activation  energies  of  the  two  reactions 
were  calculated.  The  activation  energy  for  the  Pb  +  0_(*A) 
reaction  was  foulnd  to  be  about  21  Kcal/mole  with  a  strong 
inverse  dependency  on  oven  temperature.  The  activation 
energy  for  the  Pb  +  0’2(3E)  reaction  was  determined  for  two 
oxidizer  pressure  regimes.  The  activation  energies  ranged 
from  64  Kcal/mole  at  low  oxidizer  pressures  to  115  Kcal/mole 
at  high  oxidizer  pressures.  The  significance  of  these 
results  is  discussed. 
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SPECTROSCOPY  AND  KINETICS 
OF  LEAD  OXIDE  CHEMILUMINESCENCE 

I .  Introduction 

Background 

The  Air  Force  is  currently  involved  in  the  development 
of  Chemical  Electronic  Transition  Lasers  (CETL) .  These 
lasers  depend  on  a  chemical  reaction  to  produce  both  the 
lasing  species  and  the  population  inversion.  Since  the 
scale-up  of  such  devices  is  not  limited  by  large  electrical 
power  supplies,  they  are  attractive  for  high  power  military 
applications  (Ref  1:398). 

Because  of  its  chemiluminescent  properties,  lead  oxide 
(PbO)  is  being  investigated  by  AFIT  researchers  as  a  poten¬ 
tial  candidate  for  a  CETL.  The  emission  spectrum  of  PbO 
and  the  kinetic  mechanisms  of  the  chemical  reactions 
involved  must  be  fully  characterized  before  the  full  lasing 
potential  of  PbO  can  be  realized.  A  comparison  of  the 
spectra  and  kinetics  of  PbO  using  ground  state  oxygen, 

,  and  singlet  delta  (excited)  oxygen,  02(^A)  , 

as  the  oxidizers,  forms  the  basis  for  this  thesis. 

Problem 

The  purpose  of  this  thesis  was  to  compare  the  relative 

3 

intensities  of  the  spectral  emissions  of  PbO  using  02  (  Z) 
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and  ( ^A)  as  oxidizers.  This  comparison  was  the  first 
step  in  determining  if  higher  energy  electronic  states  can 
be  enhanced  preferentially  over  lower  energy  states.  In 
addition,  the  dependence  of  the  relative  intensities  of 
the  various  states  on  oxidizer  pressure  was  studied.  Finally, 
the  temperature  dependence  of  the  relative  intensities  was 
examined.  This  information  allowed  initial  determination 
of  the  basic  reaction  mechanisms. 

Approach 

A  chemiluminescent  flame  was  generated  in  a  flow  tube 
reactor.  02(^A)  was  produced  using  a  microwave  generator 
and  discharge  cavity.  Spectroscopy  was  performed  conven¬ 
tionally  using  a  0.5  m  monochromator.  Temperature  measure¬ 
ments  were  taken  using  a  potentiometer  and  standard 
thermocouples . 
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II .  Theory 


This  section  will  develop  the  concepts  necessary  to 
understand  the  spectroscopy  of  lead  oxide  and  some  of  the 
kinetics  involved  in  the  reactions  between  lead  and  ground 
state  oxygen  and  between  lead  and  singlet  delta  oxygen.  An 
overview  of  the  spectroscopy  of  PbO  will  be  given  first. 

This  will  be  followed  by  a  discussion  of  the  spectroscopy, 
gas  handling,  and  generation  of  singlet  delta  oxygen. 
Finally,  an  introduction  to  the  determination  of  kinetic 
mechanisms  will  be  presented. 

Overview  of  PbO  Spectroscopy 

The  detailed  theory  of  PbO  spectroscopy  has  been 
developed  previously  at  AFIT  by  Snyder  and  Glessner.  The 
following  synopsis  is  based  on  their  work  (Refs  2,  3). 

Electronically  excited  lead  oxide  (PbO*)  is  formed  by 
the  reaction  of  lead  vapor  and  an  appropriate  oxidizer. 
Emissions  have  been  observed  from  six  different  electronic 
states  (Refs  4,  5,  6).  These  states  and  their  associated 
energies  are  shown  in  Table  I. 

Emission  lines  from  these  states  are  due  to  transitions 
from  the  vibrational  energy  levels  of  excited  states  to  the 
vibrational  energy  levels  of  the  ground  state  (Ref  7:284). 
The  energies  of  each  possible  transition  can  be  calculated 
using  the  equation 
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State 

Energy  (cm  ^") 

Reference 

X 

0 

4 

a 

16024.9 

5 

b 

16315 

6 

A 

19862.3 

6 

B 

22289 

6 

C 

23820 

6 

C " 

24947 

6 

D 

30194 

6 

E 

34455 

.fcir*  ■  -  g-T--^T  -■  -B--S 1 S=S= 

6 

TABLE  I.  Electronic  State  Energies 


v(v',v")  =  T'  +  w'(v'+0.5)  -  w'X^(v'+0.5)  2  +  ... 

-  w"  (v "  +  0 . 5)  +  w"X  "  (v"+0. 5)  2  +  ...  (1) 

e  e  e 

where  T"  is  the  difference  between  the  ground  state 
e 

energies  of  the  two  electronic  states,  v'  and  v"  are 
the  upper  and  lower  state  vibrational  quantum  numbers, 
respectively,  Xg  is  the  anharmonicity  constant,  and 


(2) 


4 


r 


where  w  is  the  angular  velocity  (Ref  8:  Sec  III,  17). 

Transitions  can  be  broker  down  into  groups  called 
progressions  and  series.  Transitions  from  the  same  upper 
state  to  different  lower  states  form  a  v"  progression. 
Similarly,  there  are  v'  progressions.  Transitions  between 
upper  and  lower  states  that  have  the  same  vibrational 
quantum  number  are  called  series. 

All  the  possible  vibrational  transitions  between  two 
electronic  energy  levels  can  be  arranged  in  a  Deslandres 
table  (Ref  9:40).  The  table  is  arranged  such  that  v" 
progressions  form  rows,  v "  progressions  form  columns  and 
series  form  the  main  diagonal.  When  the  proper  {v',v") 
transition  assignments  have  been  made  and  the  energies  of 
the  transitions  arranged  in  a  Deslandres  table,  the  energy 
differences  between  successive  pairs  in  a  row  will  be  equal. 
Similarly,  the  differences  between  successive  pairs  in  a 
column  will  be  equal  within  the  accuracy  of  the  experimental 
measurements  (Ref  10:122).  This  relationship  provides  an 
excellent  method  for  checking  the  accuracy  of  the  transition 
assignments. 

There  is  no  strict  selection  rule  for  the  vibrational 
transitions  accompanying  an  electronic  transition  (Ref  9:194). 
In  principle,  transitions  can  occur  between  any  two  vibra¬ 
tional  levels  from  different  electronic  states.  However, 
not  all  transitions  are  observed  and  not  all  observed 
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transitions  are  of  equal  intensity.  This  can  be  explained 
by  considering  the  Franck-Condon  principle  and  the  potent i a 
energy  curves  of  two  electronic  states.  The  Franck-Condon 
principle  states  that  an  electronic  transition  takes  place 
so  quickly  in  comparison  to  the  vibrational  motion  of  the 
molecule  that,  immediately  after  the  transition,  the  nuclei 
have  the  same  relative  position  and  velocity  as  before  the 
transition  (Ref  9:194).  In  terms  of  the  potential  energy 
curve.  Figure  1,  the  electrons  can  only  make  vertical 
transitions.  In  Figure  1,  the  probability  of  the  (0,1) 
and  (0,0)  transitions  is  very  small  due  to  the  relative 
position  of  the  two  curves. 

A  wave  mechanical  treatment  of  the  potential  energy 
curves  confirms  this  vertical  transition  assumption.  The 
greatest  probability  of  a  transition  occurs  for  the  "best" 
overlapping  of  the  eignefunctions,  shown  in  Figure  2.  Each 
vibrational  level  has  a  probability  density  distribution. 
Therefore,  the  transition  may  occur  over  a  given  range  of 
r  ( internuclear  distance)  values  for  both  the  upper  and 
lower  vibrational  levels.  This  explains  why,  instead  of  a 
single  band,  a  number  of  bands  with  differing  intensities 
of  the  v"  progression  where  v'  =  0  appear  as  in 
Figure  2  (Ref  9:199).  Thus,  the  intensity  of  a  transition 
is  directly  related  to  the  number  density  of  the  upper 
vibrational  level  and  the  overlapping  of  the  vibrational 
eigenfunctions  (Ref  9:200). 
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Energy  Energy 


Figure  1.  Vertical  Transitions 
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In  low  resolution  spectroscopy,  vibrational  transitions 
appear  as  broad  bands  in  a  spectrum.  These  bands  are  due  to 
the  unresolved  rotational  transitions  within  the  vibrational 
transitions.  The  bandhead,  a  sharply  defined  edge,  is 
characteristic  of  these  bands.  The  bandhead  is  usually 
close  to  the  band  origin  and  to  a  very  good  approximation 
can  be  used  to  determine  the  band  origin  (Ref  11:37). 

In  dealing  with  the  electronic  transitions  of  lead 
oxide,  it  is  most  convenient  to  start  with  the  electronic 
configuration  of  the  molecule.  Lead  contributes  two  6p 
valence  electrons  and  oxygen  four  2p  electrons  to  the 
electronic  molecular  orbitals  of  lead  oxide.  The  ground 
state  electronic  configuration  for  the  six  valence  electrons 
of  PbO,  following  Mulliken's  convention  (Ref  9:22),  is 
designated  as 

KKLMNO  (Zo)2(Yo)2(Wtt)4(Xo)2  or  a2ir4  (3) 

,  3 

The  first  two  excited  states  are  ir  tt  and  an  .  These 
electronic  configurations  correlate  with  electronic  energy 
states  as  shown  in  Figure  3.  The  relative  energies  are 
as  reported  in  the  literature  (Refs  4,  5,  and  12).  Because 
of  the  large  spin-orbit  coupling  of  PbO,  the  spin  is  no 
longer  coupled  to  the  internuclear  axis  and  all  the  elec¬ 
tronic  states  obey  Hund’s  case  c  coupling  (Ref  4:396). 
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Figure  3.  PbO  Correlation  Diagram  (Refs  4,  5,  12) 
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The  selection  rules  for  case  c  coupling  are  Ml  =  0,*1 
with  0+  «-/-»  0  (Ref  9:244).  Based  on  these  selection 
rules,  all  of  the  observed  transitions  from  the  states  in 
Table  I  and  shown  in  Figure  3  are  allowed  except  for  the 
b0~  -  X0+  .  This  transition  is  forbidden  because  the 

reflection  symmetry  rule  is  violated.  In  case  c  coupling, 
this  selection  rule  is  not  as  strict  as  the  selection  rule 
for  different  multiplicities  in  Hund 1 s  case  a  coupling 
(Ref  9:242).  Experimental  observation  of  the  b  -  X 
transition  lends  credibility  to  the  case  c  nature  of  the 
b  state. 

Singlet  Delta  Oxygen 

Singlet  delta  oxygen,  02(*A)  ,  is  the  a  state  or 

lowest  excited  electronic  state  of  molecular  oxygen.  The 
energy  of  02(*A)  is  7918.1  cm  *  above  the  energy  of 
oxygen  in  the  ground  state  (Ref  10:184).  The  electronic 
configuration  of  oxygen  is 

KK(og2s)2(au2s)2(og2p)2(Ttu2p)4(TTg2p)2  (Ref  9:343)  (4) 

Since  there  are  the  same  number  of  odd  and  even  parity 
electrons,  all  three  lower  states  will  have  even  parity. 

In  homonuclear  diatomic  molecules,  the  u«~*g  selection 
rule  prevents  transitions  between  states  of  the  same 
parity  (Ref  10:84).  Therefore,  the  02<1A)  state  is 
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metastable.  Experiment  has  shown  that  the  state 

has  a  radiative  half-life  of  45  minutes  at  zero  pressure 
(Ref  13:41),  When  operating  in  a  conventional  flow  system 
at  pressures  of  0.5  to  10  Torr,  the  half-life  decreases  to 
about  1  sec.  However,  in  10-20  mm  tubing,  the  gas  stream 
can  travel  a  centimeter  in  1  to  2  msec.  Therefore, 

(^(^A)  can  be  transported  more  than  a  meter  in  such  a 
flow  system  without  significant  losses  (Ref  13:41). 

(^(^A)  is  quenched  rapidly  upon  contact  with  metal. 

The  quenching  efficiency  of  various  other  materials,  however, 
is  quite  low.  For  instance,  Pyrex  has  a  quenching  efficiency 
of  10  (Ref  14:526).  A  low  quenching  coefficient  material 
must  be  used  along  the  entire  path  that  the  02(1A)  will 
follow. 

C>2  ( ^  A)  is  produced  in  basically  two  ways:  electrical 
discharge  and  chemical  reaction.  In  electrical  discharge, 
the  primary  mechanism  for  the  creation  of  C^^A)  is 
electron  collisions  in  a  plasma  generated  by  a  2450  MHz 

microwave  discharge.  Although  this  creates  both  C^t^A) 

1  13 

and  C>2  (  £)  ,  the  lifetime  of  (  A)  is  10  times  greater 

than  C>2  (^  E)  »  and  the  C^^E)  concentration  is  negligible 
(Ref  13:24).  Chemically,  02(^A)  is  produced  by  the  reac¬ 
tion  between  hydrogen  peroxide  and  hypochlorite  ion 
(Ref  13:60).  This  reaction  produces  30%  concentra¬ 
tions  of  A)  compared  to  10%  concentrations  for  the 

microwave  discharge  (Ref  14:526). 


Kinetics 


The  primary  mechanism  for  the  reaction  of  02(1A) 

—  I  "J 

with  Pb,  which  has  an  energy  of  7819  cm  in  the  state, 

is  thought  to  be  the  resonant  energy  transfer  process 

Pb (3Pq)  +  02(1A)  -  Pb(3PL)  +  02(3I)  +  0.01  eV  (5) 

(Ref  14:526) 

As  seen  in  Figure  4,  02(^A)  has  approximately  the  same 

3 

energy  as  Pb  in  its  lowest  excited  state  P^  .  Further 
reactions  of  excited  Pb  with  02<^A)  or  02(1T)  can 
yield  even  higher  excited  states  of  Pb.  02(1Z)  is  created 
via  the  energy  pooling  reaction 

02(1A)  +  02(XA)  -  02(1Z)  +  02(3Z)  (Ref  14:526)  (6) 

These  excited  forms  of  Pb  can  then  react  with  C>2(3);)  to 
produce  PbO*  .  The  mechanism  of  this  process  is  currently 
not  well  known  (Refs  4,  14) . 

Specific  information  about  the  reaction  kinetics  can 
be  obtained  by  observing  the  radiation  emitted  from  products 
formed  in  highly  energetic,  single-collision  chemilumines¬ 
cent  reactions.  The  temperature  dependence  of  the  reaction 
of  a  stream  of  metal  atoms  with  an  appropriate  oxidizer  can 
be  used  to  deduce  the  activation  energy  for  formation  of 


product  molecules  (Ref  15:176).  This  information,  in  turn, 
can  be  used  in  a  determination  of  the  mechanism  of  the 
reaction. 

To  understand  the  kinetics  of  a  reaction,  the  heats 
of  formation,  AH^  is  determined  experimentally  and  the 
values  are  tabulated  in  the  literature.  AHr  can  be  found 
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using  the  following  equation 

AHr  =  £AH°  -  [AH° 

P  r 

where  J  is  the  summation  over  all  products  and  l  is  the 

p  o  r 

summation  over  all  reactants.  AH*  and  AH  are  related 

r  r 

to  the  activation  energy,  E=  ,  by  the  following  equations 

a 

E  =  AH  +  AH  (8) 

a  m  v 

and 

Ea  ’  4“m  +  “v  +  mx  <91 

where  m  stands  for  melt,  v  for  vaporization  and  x  for 
excitation.  Thus,  the  energy  of  one  of  the  reactants  can 
be  determined.  The  relationship  of  the  activation  energy 
with  respect  to  the  reaction  is  shown  in  Figure  5. 

The  activation  energy  for  a  reaction  is  defined  by 
the  Arrhenius  equation  involving  the  reaction  rate 
constant,  k(T)  and  a  pre-exponential  or  frequency  factor, 

A  . 

k (T)  =  A  exp (-E  /kT)  (Ref  15:177)  (10) 

cl 

where  R  is  the  universal  gas  constant  and  T  is  the 
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Figure  5.  Reaction  Process 


absolute  temperature.  Assuming  that  A  and  E a  are 
independent  of  temperature,  Eq  (10)  can  be  differentiated 
to  yield 


E 


a 


-R 


d[ln  k(T)] 
dLl/Tj 


(11) 


Therefore,  a  plot  of  In  k(T)  versus  1/T  should  produce 
a  straight  line  with  negative  slope  (Ref  16:23).  From 
Eq  (11) ,  E  can  easily  be  calculated  once  the  slope  is 

a 

known. 

Literature  Review 

The  PbO  system  has  been  studied  extensively  for  over 
50  years.  Early  researchers  used  lead  chloride  gas  flames 
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and  carbon  arcs  using  both  lead  chloride  and  uranium  lead 
chloride.  They  observed  emissions  from  the  A,  B  and  D 
states  and  were  able  to  correlate,  to  good  agreement  with 
theory,  the  wavelength  shifts  due  to  the  isotope  effect 
(Ref  11) . 

More  recently,  using  a  system  called  LABSTAR,  Oldenborg , 
Dickson  and  Zare  (Ref  7)  were  able  to  perform  emission  spec¬ 
troscopy  and  laser  induced  fluorescence  studies  of  the  PbO 
system.  By  reacting  atomic  lead  with  0^  under  single 
collision  conditions,  they  identified  a  series  of  55  bands 
assigned  to  the  a  and  b  states  from  450  -  850  nm.  Their 
analysis  showed  that  all  bands  were  emissions  to  the  ground 
state  from  excited  electronic  states.  They  were  also  able 
to  perform  radiative  lifetime  studies  using  pulsed  laser 
excitation.  Their  results  are  shown  in  Table  II. 


Table  II.  Lifetimes  of  Excited  States  of  PbO 
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Beattie  et.  a_l  (Ref  17)  performed  a  similar  study  of 
the  a  state  using  laser  excitation.  They  found  the  life¬ 
time  to  be  dependent  on  the  vibrational  energy  level  with 
higher  levels  having  shorter  lifetimes.  The  lifetimes  of 
the  v'  =  3  and  4  levels  were  determined  to  be  81.8  ±  5.5 
ysec  and  61  ±  14  psec  ,  respectively,  thus  verifying  the 
result  of  Oldenborg  et^  al. 

The  bimolecular  reaction  between  ground  state  lead 
atoms  and  ozone,  shown  in  Eq  (12),  is  responsible  for  the 
population  of  the  a  state. 

Pb(3PQ)  +  03  >  PbO*(a3E+)  +  02  (12) 

To  determine  the  order  of  this  reaction,  Oldenborg  et  a^ 
studied  the  chemiluminescent  intensity  as  a  function  of 
oven  temperature  (T) .  By  plotting  the  logarithm  of  the 
intensity  versus  1/T  ,  they  were  able  to  find  the  activa¬ 
tion  energy.  They  concluded  that  (i)  the  chemiluminescence 
was  first  order  in  Pb,  with  no  dependence  on  other  compon¬ 
ents  like  Pb2 ,  and  that  (ii)  the  reaction  activation  energy 
was  small . 

They  observed  unusual  variations  in  chemiluminescent 
intensities  of  the  B-X  transition  with  changes  in  oven 
temperature.  They  found  that  the  intensity  decreased  with 
increasing  oven  temperature  over  certain  temperature  ranges. 
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They  attributed  this  phenomenon  to  a  discharge  near  the 

oven  which  was  exciting  some  Pb  atoms  to  the  metastable 
3  3 

P^  or  P^  levels.  The  reaction  of  these  excited  Pb 
atoms  with  0^  produced  the  B-X  chemiluminescent  feature. 

Kurylo  et_  al  (Ref  5)  also  studied  the  reaction  of  lead 
and  ozone.  They  observed  emissions  from  the  a,  b,  A,  and 
B  states.  Using  laser  excitation  of  the  0^,  they  recorded 
a  significant  increase  in  A  state  emission  intensity  over 
the  a,  b,  and  B  states.  They  have  postulated  two  mechanisms 
for  the  enhancement.  First,  as  a  result  of  laser  excita¬ 
tion  of  0^,  the  reaction  with  Pb(J=l)  ,  where  J  is  the 
total  angular  momentum  quantum  number,  produces  PbO*  in 
the  B  state  in  higher  vibrational  energy  levels.  This 
energy  is  then  collisionally  transferred  to  another  mole¬ 
cule  which  is  excited  to  the  A  state.  Another  possibility 
is  that  the  vibrational  energy  in  the  excited  directly 

increases  the  rate  of  A  state  production  at  the  expense  of 
other  reaction  channels.  Their  observation  of  chemilumines¬ 
cence  over  several  feet  in  their  flow  system  indicates  a 
slow  reaction  with  Pb(J=l)  must  compete  favorably  with 
its  deactivation  reaction  points  to  a  fast  reaction  for 
Pb ( J=l)  . 

Linton  and  Broida  (Ref  4)  investigated  the  reactions 
of  lead  with  ^0,  0,  0^,  and  0^  by  studying  the  spectra  of 
PbO  from  a  flow  system  under  a  wide  variety  of  conditions. 
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They  found  that  spectral  intensities  were  very  dependent 
on  the  oxidizer  used  and  on  the  oxidizer  pressure.  They 
tabulated  eight  band  systems  between  250  run  and  800  nra  and 
observed  22  new  bands  in  the  PbO  system. 

Linton  and  Broida  developed  a  technique  for  analyzing 
spectral  data  (Ref  4:398-399).  They  used  logarithmic 
intensity  ratio  plots  to  illustrate  on  one  graph  the  popu¬ 
lation  behavior  of  electronic  and  vibrational  states  as 
system  conditions  were  changed.  This  technique  allows  one 
to  work  directly  from  photomultiplier  signals  without  any 
knowledge  of  electronic  or  vibrational  probability  para¬ 
meters  . 

Brom  and  Beattie  (Ref  18)  used  a  f lashlamp-pumped 
tunable  dye  laser  to  study  the  a-X  band  system  of  PbO. 
They  were  able  to  obtain  high  resolution  spectra  which 
allowed  calculation  of  rotational  constants.  Observation 
of  P,  Q,  and  R  rotational  branches  confirmed  that  Hund ’ s 
case  c  is  the  angular  momentum  coupling  scheme  for  the 
a  state  of  PbO. 

Lead  oxide  was  first  investigated  at  AFIT  by  Snyder 
(Ref  2)  using  a  flow  tube  built  by  Koym  (Ref  19) .  Low 
resolution  spectra  from  200  -  800  nm  were  obtained  using 
02  and  N20  as  oxidizers.  Variations  is  spectral  line 
intensities  were  recorded  for  different  oxidizers  and  pres¬ 
sures.  A  significant  enhancement  of  A  and  B  states 


19 


was  recorded  at  0.4  Torr  of  C>2 .  This  low  pressure  phenom¬ 
enon  was  previously  unreported. 

Glessner  (Ref  3)  performed  a  flame  optimization  of 
the  system  used  by  Snyder.  Major  modifications  to  the 
flow  tube  system  increased  flame  intensity  and  decreased 
window  contamination.  Emissions  from  the  a,  b.  A,  and  B 
states  of  PbO  were  observed.  Spectroscopic  constants  for 
the  respective  states  were  calculated  using  the  observed 
bandhead  assignments  and  a  linear  regression  technique. 

A  slightly  modified  version  of  this  system  was  used  in  the 
current  work. 

The  most  recent  work  with  PbO  was  reported  by  Bachar 
and  Rosenwaks  (Ref  14) .  While  studying  the  reaction  of  Pb 
with  02(1A)  ,  they  observed  emissions  from  the  a,  b, 

A,  B,  C,  C' ,  and  D  states,  but  did  not  report  bandhead 
assignments.  However,  they  were  unable  to  observe  a  flame 
using  02(^E)  under  their  experimental  conditions. 

Further,  they  made  no  attempts  to  adjust  their  experimental 
conditions  to  make  such  an  observation.  Using  microwave 
and  chemical  sources  of  02(^A)  ,  they  were  able  to  com¬ 

pare  the  effects  of  02(*A)  concentration  on  the  relative 
intensities  of  the  various  states.  In  going  from  10% 
concentration  to  30%,  they  noted  a  significant  increase 
in  intensity  from  all  the  states  with  the  enhancement  of 
the  high  energy  D  state  about  twice  that  of  the  other 


states 


They  also  studied  the  kinetic  mechanism  of  the 
reaction  by  taking  into  account  the  concentration  of 
excited  species  and  exothermicity  of  possible  reactions. 
From  their  analysis,  the  main  route  for  PbO*  production 
is  the  following  sequence 


Pb(3P2)  +  02(iA)  ->  PbO  (X ,  v)  +  0(3P)  (13) 

PbO (X , v)  +  02(1A)  -  PbO (a , b)  +  02(3Z)  (14) 


with  higher  states  being  formed  by  further  reaction  of 
the  metastable  a  and  b  states  with  02(3A).  This 
mechanism  is  supported  by  the  D  state  enhancement. 


The  apparatus  and  procedures  used  during  this  thesis 
are  discussed  in  this  section.  Modifications  to  the  system 
will  be  described  explicitly.  All  unique  procedures  will 


be  explained  fully. 

Flow  Tube  System 

The  flow  tube  system  used  during  this  project  was 
basically  the  same  as  that  used  by  Glessner  (Ref  3) .  A 
schematic  of  the  system  is  shown  in  Figure  6,  and  a  photo¬ 
graph  is  displayed  in  Appendix  A.  The  system  is  comprised 
of  four  component  systems: 

(1)  Vacuum 

(2)  Flow  Tube 

(3)  Optical 

(4)  Detection  and  Recording. 

Each  of  these  systems  will  be  discussed. 

Vacuum .  A  complete  description  of  the  vacuum  system 
is  given  in  Reference  19  and  will  not  be  repeated  here. 
However,  an  inherent  problem  with  the  current  flow  tube 
system  is  the  constriction  in  the  vacuum  transition 
section  from  2  and  7/8  in.  ID  to  1  and  1/2  in.  ID.  This 
reduction  limits  the  amount  of  vacuum  that  can  be  achieved. 
With  the  acquisition  of  a  new  vacuum  pump  with  a  capacity 


Figure  6.  Flow  Tube  System 
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of  35  cubic  feet  per  minute,  a  new  transition  section  was 
designed  and  built.  The  old  and  new  systems  are  compared 
in  Figure  7.  The  new  system  maintains  a  minimum  ID  of  2  and 
1/2  in.  The  particle  filter  is  now  the  major  limiting 
factor.  In  addition,  a  throttle  valve  was  included  to  maxi¬ 
mize  system  flexibility.  The  section  of  3  in.  fire  hose 
provides  vibrational  isolation  of  the  flow  tube  from  the 
pump. 


Flow  Tube.  The  flow  tube  is  constructed  of  2  and  7/8 
in.  ID  stainless  steel  sections  (Alloy  Products) .  The 
sections  are  interconnected  by  flanges  and  heavy  duty 
clamps.  This  allows  easy  disassembly  during  cleanup. 
Rubber  O-rings  provide  a  vacuum  seal  between  sections. 

At  the  heart  of  the  flow  tube  is  a  6-way  cross.  The 
sixth  arm  of  the  cross  was  added  to  facilitate  thermo¬ 
couple  experiments.  The  cross  and  back  plate  are  anodized 
to  prevent  reflections  while  taking  spectra.  Each  arm 
of  the  cross  extends  3.5  in.  from  the  center.  The  upper 
port  of  the  cross  is  attached  to  the  vacuum  system.  This 
design  (Ref  3)  allows  efficient  removal  of  reaction 
products  and  prevents  window  contamination.  A  glass  wool 
particle  trap  (filter)  prevents  ingestion  of  contaminants 
into  the  vacuum  pumps.  An  MRS  Baratron  77  pressure  meter 
was  used  to  measure  dynamic  pressures  downstream  from  the 
filter. 
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Figure  7.  Vacuum  Transition  Sections 


A  water-cooled  furnace  assembly  (Ref  3:28-30)  is 
attached  to  the  lower  port  of  the  cross.  As  recommended 
by  Glessner  (Ref  3:76),  the  furnace  chamber  was  lined 
with  Zirconia  felt  to  provide  a  more  stable  temperature 
within  the  furnace.  Expandable  bands  were  used  to  secure 
the  felt  in  the  furnace.  A  photograph  of  the  lined 
chamber  is  given  in  Appendix  A. 

Granular  lead  (Fisher-Scientific)  was  resistively 
heated  in  an  alumina  crucible  (R.D.  Mathis  Co.).  The 
crucible  was  held  by  a  tungsten  coil  (R.D.  Mathis  Co.) 
attached  to  two  brass  electrodes.  The  electrodes  were 
electrically  insulated  from  the  tube  by  Teflon  swage-lock 
fittings  (Nacon  Industries,  Tustin  CA)  capable  of  main¬ 
taining  a  vacuum  seal.  The  electrodes  were  attached  to  a 
high  current/low  voltage  power  supply. 


The  previous  power  supply  for  the  flow  tube  was  a 
permanent  fixture  and  could  not  be  moved  during  relocation 
of  the  chemistry  lab.  A  new  power  supply  was  designed  and 
built  specifically  for  use  with  the  flow  tube.  The  design 
includes  a  115  V  Variac  power  supply  with  a  15  A  maximum 
output  and  three  model  RT-2012  transformers  (Stankor 
Electronics,  Inc.,  Chicago  IL) .  A  photograph  and  schematic 
diagram  are  included  as  Appendix  B. 

Lead  vapor  was  entrained  in  Argon  gas,  and  the  mixture 

was  passed  via  a  chimney  assembly  (Ref  3:28-29)  to  the 

reaction  region  where  it  was  mixed  with  the  oxidizer.  For 

the  reaction  of  02(3£)  ,  the  metal  oxidizer  manifold 

designed  by  Glessner  was  used.  However,  since  O^^A) 

is  deexcited  upon  contact  with  metal,  a  new  manifold  was 

designed  and  built  from  Pyrex.  Pyrex  was  used  because  of 

-5 

its  very  low  quenching  coefficient  (10  )  (Ref  14:526). 

A  cutaway  diagram  is  shown  in  Figure  8. 

The  manifold  consists  of  a  section  of  14  mm  ID  Pyrex 
tubing  flared  at  one  end.  A  series  of  6  rows  of  4  holes 
each  were  drilled  in  the  tubing.  The  holes  were  0.8  mm  in 
diameter  and  were  drilled  with  a  diamond  impregnated  bit. 
The  first  row  of  holes  was  drilled  in  the  flared  edge  at 
a  45°  angle  to  the  tube  proper.  The  rows  were  spaced  3  mm 
apart,  and  each  row  was  offset  from  the  previous  row  by 
45°  to  prevent  stress  fractures  during  drilling.  Once  the 
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Figure  8.  Pyrex  Oxidizer  Manifold 


hides  were  drilled,  a  section  of  28  mm  OD  tubing  was  placed 
over  the  smaller  tubing,  and  the  two  sections  were  sealed 
together-  This  formed  a  double-walled  cylinder  with  an 
open  center.  Finally,  the  Pyrex  stem  was  attached  to  the 
lower  edge  of  the  cylinder.  Appendix  A  shows  a  photograph 
of  the  metal  and  glass  oxidizers. 

The  manifold  was  mounted  over  the  chimney.  The  stem 
of  the  pyrex  manifold  was  secured  to  the  flow  tube  via  a 
1/2  in.  Cajun  connector  welded  on  a  stainless  steel  plate. 
The  plate  was  attached  to  one  of  the  side  ports  of  the  cross 
Due  to  the  fragility  of  the  manifold,  extreme  care  was  taken 
when  installing  or  removing  the  manifold. 

The  side  port  opposite  the  monochromator  was  used  for 
introduction  of  thermocouples  during  temperature  experiments 
Four  combination  BNC/solder  lug  connectors  were  attached  to 
a  cover  plate  and  provided  thermocouple  access. 
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The  side  ports  opposite  the  oxidizer  inlet  and  facing 
the  monochromator  were  used  for  optical  transmission. 
Extensions  were  added  to  these  ports  to  prevent  window 
contamination.  Three  inch  quartz  plates  were  mounted  on 
the  extensions. 

02(XA)  was  generated  using  a  2450  MHz  microwave 
discharge.  02(^Z)  was  passed  through  an  Evenson  microwave 
discharge  cavity  via  a  13  mm  OD  quartz  tube.  Quartz  was 
used  due  to  the  extreme  heat  generated  by  the  plasma  within 
the  cavity.  The  microwaves  were  produced  by  an  Opthos  MPG-4 
microwave  generator  operating  at  80  W  forward  power.  Tuning 
of  the  cavity  to  reduce  reflected  power  was  performed  as 
outlined  in  Reference  20.  Appendix  A  shows  a  photograph  of 
the  discharge  cavity  assembly. 

Optical.  The  optical  system  is  comprised  of  two  3  in. 
quartz  lenses  and  a  Jarrell-Ash  0.5  m  monochromator  with  an 
Ebert  mount.  Quartz  lenses  were  used  because  they  transmit 

O 

down  to  2000  A.  A  25  cm  focal  length  lens  was  used  to  col¬ 
lect  the  emissions  from  the  flame  region.  A  50  cm  focal 
length  lens  focused  the  emissions  upon  the  entrance  slit  of 
the  monochromator.  The  two  lenses  were  mounted  back-to- 
back  in  the  same  holder  to  simplify  alignment.  The  lenses 
were  positioned  25  cm  from  the  flame  region  on  a  two  dimen¬ 
sional  translating  state.  The  monochromator  was  placed 
75  cm  from  the  flame  region.  An  1100  lines/mm  grating 

O 

blazed  at  5000  A  was  used.  The  spectral  response  of  the 
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grating  is  shown  in  Appendix  C.  The  instrument  has  an  exit 

O 

slit  dispersion  of  16  A/mm  with  a  maximum  resolution  of 

O 

0.2  A  in  first  order.  Available  scanning  speeds  are  2,  5, 

O 

10,  20,  50,  125  and  500  A/min. 

Detection  and  Recording.  The  major  component  in  the 
detection  and  recording  system  is  the  photomultiplier  tube 
(PMT) .  An  RCA  7265  PMT  was  used  for  initial  work.  However, 
as  Glessner  reported  (Ref  3:70)  ,  this  PMT  had  slowly 
degraded  to  a  signal-to-noise  (S/N)  ratio  of  3  to  1  at  the 
low  light  levels  of  this  experiment.  The  7265  was  cooled 
by  wrapping  copper  strips  around  the  PMT  housing  and  dip¬ 
ping  them  in  a  Dewar  vessel  filled  with  liquid  nitrogen. 
Since  the  nitrogen  level  could  not  be  kept  constant,  the 
response  of  the  PMT  drifted. 

This  problem  was  eliminated  with  the  receipt  of  a  new 
Model  TE104TSRF  cooled  PMT  housing  (Products  for  Research, 
Inc.).  The  TE104TSRF  is  a  thermoelectric  refrigerated 
chamber  which  operates  using  water  recirculation  and  can 
be  operated  down  to  40°  C  below  ambient.  The  housing  also 
has  quartz  optics  for  low  wavelength  operation.  An  RCA 
C3103402  PMT  was  installed  in  the  new  housing.  The  charac¬ 
teristics  and  response  of  the  7265  and  C3103402  are  compared 
in  Appendix  D.  Both  PMTs  were  biased  with  a  Keithley  244 
high  voltage  power  supply. 


The  signal  from  the  PMT  was  input  to  a  Keithley  427 
current  amplifier.  The  amplifier  was  placed  as  close  to 


the  PMT  as  physically  possible  to  reduce  the  length  of 
connection  cable  required.  A  doubly  shielded  cable  wrapped 
with  non-conducting  tape  was  used  to  reduce  stray  noise. 

A  low  pass  filter,  built  by  Glessner  (Ref  3:32-33),  was 
modified  and  placed  in  the  output  line  of  the  current 
amplifier.  The  modified  design  is  shown  in  Figure  9.  This 
design  increased  the  filtering  and  allowed  adjustment  of 
the  rise  time  constant  from  1  msec  to  1  sec. 

From  the  filter,  the  signal  was  fed  to  an  Omegaline 
Engineering  strip  chart  recorder.  The  recorder  has  speeds 
available  from  1  in. /min  to  10  in. /min  with  speed  reduction 
factors  of  10  and  60.  The  full  scale  voltage  is  adjustable 
in  factors  of  )0  from  0.001  V  to  10  V. 

Experimental  Procedures 

Procedures  which  were  unique  to  this  experiment  are 
explained  in  this  section.  Start-up  and  shut-down  proce¬ 
dures  are  given  in  Appendix  E.  General  Operating  procedures 
are  presented  in  Reference  2.  Alignment  and  calibration 
procedures  will  be  presented  first.  This  will  be  followed 
by  signal-to-noise  and  resolution  work.  Finally,  the  pro¬ 
cedures  for  using  singlet  delta  oxygen  and  taking  tempera¬ 
ture  measurements  will  be  discussed. 


Figure  9.  Low  Pass  Filter 

Alignment .  Initial  alignment  was  accomplished  using 
a  2  mW  Spectra-Physics  Helium-Neon  laser.  This  alignment 
technique  is  detailed  in  Reference  3. 

Once  the  initial  alignment  was  complete,  another 
method,  more  expeditious  than  laser  alignment,  was  devel¬ 
oped  for  realignment  after  each  cleanup.  Before  dis¬ 
assembly,  pencil  marks  were  made  across  the  two  flange 
joints  at  the  upper  port  of  the  cross  and  at  the  particle 
filter.  As  long  as  the  lenses  and  monochromator  were  not 
moved  during  the  cleaning  operation,  these  two  elements 
defined  the  optic  axis.  Upon  reassembly  of  the  components, 
the  pencil  marks  were  realigned.  This  ensured  that  the 
flow  tube  was  returned  to  the  same  relative  position  on 
the  optic  axis. 
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Final,  fine  adjustments  in  the  aliqnmont  were  .iccom- 
pl  ished  by  inserting  a  mercury  (Hg)  calibration  lamp  into 
the  flame  region.  A  neutral  density  filter  of  10^  times 
attenuation  was  placed  over  the  monochromator  slit  to 
prevent  PMT  saturation.  With  the  monochromator  tuned  to 

O 

the  5461  A  green  line  of  Ilq,  the  lens  position  was  adjusted 
to  maximize  intensity.  This  technique  cut  the  "down  time" 
by  50% . 

Calibration .  Oriel  pen  lamps  were  used  for  calibration 
of  spectra.  Argon,  krypton,  mercury,  neon,  and  xenon  lamps 
were  used.  The  lamps  were  positioned  just  off  the  optic 
axis  beside  the  lenses.  Each  lamp  was  wrapped  in  an  opaque 
sheath.  Once  the  amplification  settings  for  a  particular 
run  were  established,  pin  holes  were  punched  in  each  sheath. 
The  number  of  pin  holes  per  lamp  was  determined  by  the 
relative  intensity  of  the  calibration  peak  or  peaks  being 
used.  A  second  sheath  covered  all  of  the  lamps.  During  a 
spectral  run,  the  outer  sheath  was  removed  momentarily  as 
the  monochromator  scanned  through  the  desired  wavelength. 

O 

Calibration  peaks  were  placed  every  500  A  when  available 
to  provide  accurate  band  assignments.  When  possible,  peaks 
were  chosen  to  correspond  to  areas  of  the  spectrum  where 
no  bands  appeared.  When  overlap  could  not  be  avoided, 
sections  of  the  spectrum  were  repeated  without  calibration 
lines. 
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Signal-to-Noise  Ratio.  Because  of  the  low  light 
levels,  the  S/N  ratio  was  always  a  major  concern.  The  PMT 
was  determined  to  be  the  predominate  noise  source.  The 
RCA  7625  used  by  Glessner  (Ref  3)  was  initially  used 
in  the  current  work,  but  never  gave  better  results  than 
that  reported  by  Glessner.  With  the  arrival  of  a  TE104TSRF 
cooled  PMT  housing  (Products  for  Research,  Inc.),  the  7265 
was  replaced  by  an  RCA  C3103402  PMT.  To  minimize  noise, 
the  PMT  was  operated  at  -20°  C  throughout  the  project.  A 
photograph  of  the  new  PMT  housing  is  shown  in  Appendix  D. 

A  search  was  made  of  the  operating  voltages  of  the  PMT 
to  determine  the  highest  S/N  ratio.  A  !>g  pen  lamp  was 
Pi  aced  in  the  flame  region,  and  the  monochromator  was  tuned 

O  r 

to  the  5461  A  line.  A  neutral  density  filter  of  10  times 
attenuation  was  placed  over  the  slit  to  more  closely  resemble 
the  PbO  flame  intensity.  At  each  voltage  setting  from 

O 

800  V  to  2000  V,  the  5461  A  line  was  scanned.  The  peak 
intensity  was  compared  to  the  average  peak-to-penk  intensity 
of  the  noise.  A  graph  of  the  results  using  maximum  filter¬ 
ing  and  no  filtering  is  shown  in  Figure  10.  As  shown  by 
the  graph,  the  optimum  operating  voltage  is  1000  V. 

Other  attempts  were  made  to  increase  the  S/N  ratio. 
Various  grounding  schemes  were  tried.  Although  grounding 
proved  to  be  not  very  effective,  grounding  of  the  high 
voltage  power  supply  to  the  current  amplifier,  the  current 
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Figure  10.  PMT  Signal-to-Noise  Ratios 


amplifier  to  the  PMT,  and  the  PMT  to  a  water  line  provided 
some  decrease  in  the  noise  level.  In  addition,  isolating 
the  high  voltage  power  supply  and  current  amplifier  on  a 
separate  AC  circuit  from  all  other  components  decreased 
noise  still  further. 

Of  significant  note  was  the  noise  created  by  room 
lights.  Even  with  the  slit  closed  and  all  cracks  on  the 
monochromator  sealed  with  tape,  room  lights  caused  exces¬ 
sive  noise  levels.  Fluorescent  lights  caused  the  most 
noise.  However,  it  was  discovered  that  RF  noise  from  the 
dimmer  switch  on  the  variable  room  lights  was  also  signi¬ 
ficant.  The  hood  light  also  caused  noticeable  noise  in 
the  system.  Therefore,  final  readings  were  taken  with  all 
lights  off. 


Resolution . 


The  theoretical  resolution  of  the  Jarroll- 


Ash  0.5  m  monochromator  with  an  1180  lines/mm  qratinq  is 

O 

0.2  A.  However,  this  resolution  was  not  achieved  durinq 
this  work.  Reasons  for  lower  resolution  include  low  light 
levels,  low  S/N  ratios  at  narrow  slit  widths,  and  the  wide 

O 

range  of  wavelengths  scanned.  Using  the  5780  A  doublet  of 
Hg,  the  full  width  half  maximum  (FWHM)  of  the  peaks  was 
determined  at  15  p  and  150  ji  slit  widths.  The  resolution 

t 

under  these  conditions  was  determined  to  be  1.6  A  FWHM  at 

O 

15  p  slit  width  and  5.1  A  at  150  p  slit  width. 

Spectra .  Spectra  were  taken  with  the  flame  at  maximum 

intensity.  This  permitted  using  the  narrowest  slit  widths 

for  better  resolution  and  gave  higher  S/N  ratios. 

Before  spectra  could  be  taken  using  02(1A),  a  mercuric 

oxide  (HgO)  coating  was  applied  to  the  discharge  tube 

downstream  from  the  microwave  cavity.  This  coating  removed 

3  1 

oxygen  atoms  from  the  C>2  (  X)/C>2(  A)  mixture.  The  coating 
was  applied  by  passing  over  liquid  Hg  and  passing 

the  mixture  through  the  microwave  discharge.  Application 
of  the  coating  required  about  30  minutes. 

Temperature  Experiments.  A  glass  insulated  Chromel- 
Alumel  thermocouple  was  suspended  in  the  crucible  just 
above  the  boiling  lead.  Similarly,  an  Iron-Constantan 
thermocouple  was  placed  in  the  flame  region.  The  power 
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supply  voltage  was  varied  in  0.1  to  0.2  volt  increments. 
Thermocouple  voltages  were  recorded  along  with  emission 
intensity  variations  of  several  PbO  bands.  Thermocouple 
readings  were  taken  using  a  double-readout  Honeywell 
portable  potentiometer.  The  readings  were  converted  to 
temperature  using  standard  conversion  tables  from  Reference 
21. 
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IV.  Results  and  Analvsi 


This  section  is  presented  in  three  parts.  In  the 
first  part  the  results  of  system  modifications  are  pre¬ 
sented.  In  the  second  part  the  spectra  are  discussed  in 
terms  of  the  band  assignments,  relative  intensities  and 
pressure  variations.  Finally,  the  results  of  the  kinetic 
analysis  are  presented  and  discussed  in  light  of  the  theory 
and  other  current  work  in  the  field. 

System  Modif ications 

Several  system  modifications  were  tested  during  this 
project.  The  effectiveness  of  each  is  discussed. 

Zirconia  Felt  Insulation.  As  recommended  by  Glessner 
(Ref  3:76),  the  inside  of  the  furnace  assembly  was  insulated 
with  Zirconia  felt.  This  effectively  formed  a  heat  reser¬ 
voir  around  the  crucible.  Oven  temperatures  became  more 
stable  over  long  run  periods.  In  addition,  changes  in 
carrier  gas  pressures  did  not  affect  the  oven  temperature 
as  drastically  as  before  the  felt  was  added.  This  pro¬ 
vided  the  necessary  stability  for  accurate  kinetic  studies. 

Flame  Optimization.  Glessner  designed  but  did  not 
have  time  to  test  a  new  oxidizer  manifold  whose  design  was 
based  on  the  final  dual-component  oxidizer  system  used  by 
Glessner  (Ref  3:50).  This  metal  manifold  and  the  Pyrex 
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manifold  discussed  previously  were  subjected  to  a  flame 
optimization  during  the  current  work.  Oven  temperature, 
oxidizer  pressure  and  carrier  gas  pressure  were  system¬ 
atically  varied  in  an  attempt  to  find  the  most  intense, 
centralized  but  yet  stable  flame  for  spectroscopic  exam¬ 
ination. 

The  metal  manifold  was  used  exclusively  for  work  with 
O^i^Z)  .  The  best  flames  using  this  manifold  were  extremely 
thin  and  very  intense.  These  flames  occurred  at  high 
oxidizer  pressures  (0.6  T  -  1.2  T).  However,  these  flames 
proved  to  be  unstable  and  faded  after  only  a  few  minutes. 

The  most  stable  flames  were  found  at  low  oxidizer  and 
carrier  gas  pressures.  However,  these  flames  were  not  very 
bright  and  caused  S/N  problems.  A  compromise  between  the 
two  extremes  was  sought.  Unfortunately,  exact  system 
parameters  are  difficult  to  reproduce.  This  causes  the 
conditions  for  obtaining  an  optimum  flame  to  vary  with  each 
run.  Therefore,  it  was  necessary  to  set  the  parameters  at 
nominal  values  to  initially  obtain  the  flame  for  each  run. 
The  conditions  were  then  adjusted  to  maximize  the  flame. 

The  nominal  conditions  for  obtaining  a  flame  using  02(3£) 
as  the  oxidizer  are  given.  Gas  pressures  were  adjusted  to 
0.2  T  of  02  and  2.0  T  of  Ar,  and  the  power  supply  to  the 
furnace  was  set  at  approximately  7.0  V. 

Flame  optimization  with  the  Pyrex  manifold  was  simpli¬ 
fied  due  to  the  dramatic  increase  in  flame  intensity  when 
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using  (^(^A)  .  Flames  were  extremely  bright  and  very 

stable.  Again  the  optimum  flame  was  obtained  by  estab¬ 
lishing  nominal  parameters  and  then  making  minor  adjustments 
to  optimize  the  flame.  The  nominal  conditions  for  obtain¬ 
ing  a  flame  with  C^^A)  are  given.  Gas  pressures  were 
adjusted  to  0.8  T  of  and  0.4  T  of  Ar,  and  the  power 
supply  to  the  furnace  was  set  to  approximately  4.5  V.  The 
significant  reduction  in  Ar  pressure  and  power  supply 
voltage  indicates  a  substantial  increase  in  the  efficiency 
of  the  Pb  +  02(1A)  reaction  over  the  Pb  +  O 2 ( ^ z ) 
reaction.  A  photograph  of  a  typical  flame  is  shown  in 
Appendix  A. 

The  only  drawback  of  the  Pyrex  manifold  is  a  limitation 
on  the  range  of  oxidizer  pressures  that  can  be  used  for  a 
given  carrier  gas  pressure.  As  oxidizer  pressure  was 
increased,  the  flame  broke  into  four  distinct  arms.  This 
phenomenon  was  caused  by  the  four  angled  holes  at  the  top 
edge  of  the  manifold.  As  carrier  gas  pressure  was  increased 
oxidizer  pressure  could  be  increased  accordingly. 

Vacuum  Transition  Section.  Although  never  placed  into 
actual  operation  with  the  flow  tube  due  to  a  pump  failure, 
the  new  vacuum  transition  section  has  been  thoroughly  tested 
The  new  section  was  tested  successfully  to  3 5p  of  Hg  (the 
limit  of  the  pump) .  With  the  new  throttle  valve,  the 
amount  of  vacuum  can  be  varied  from  1  Atm  down  to  35y  of  Hg . 


r 


The  new  system  is  ready  for  installation  once  a  new  pump 
is  acquired. 

Spectra 

O  O 

Spectra  were  observed  from  3000  A  to  8500  A.  The 
vibrational  band  structure  was  observed  in  all  spectra  with 
the  rotational  structure  being  shaded  toward  the  red.  The 
narrowest  slit  widths  possible  were  used  to  obtain  the 
maximum  resolution.  The  slit  width  for  spectra  of  the 
Pb  +  reaction  was  150y,  and  the  slit  width  for 

spectra  of  the  Pb  +  reaction  was  15y .  The  linear 

O 

dispersion  of  all  calibrated  spectra  was  10  A/cm.  Repre¬ 
sentative  spectra  from  this  work  are  shown  in  Figures  11-13. 
These  figures  show  the  increase  in  resolution  as  slit  widths 
were  decreased.  Figure  13  represents  the  maximum  resolution 
obtainable  with  the  current  system.  The  rotational  struc¬ 
ture  is  discernible,  but  is  not  resolved  enough  to  do  a 
rotational  analysis. 

Bandhead  assignments  were  made  with  the  aid  of 
Deslandres  tables.  Spectroscopic  constants  for  calcula¬ 
tion  of  the  tables  were  obtained  from  References  6  and  22. 

A  computer  program  called  SEARCH  (Ref  3:82)  was  used  to 
find  close  matches  between  the  observed  wavelengths  and 
calculated  values  in  the  Deslandres  tables.  Where  no 
ambiguities  existed,  the  bandhead  assignments  were  made 
directly  from  the  computer  printout.  When  two  or  more 
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wavelengths  fell  close  to  the  same  calculated  value, 
additional  information  was  used. 

Pow  (Ref  23)  was  able  to  calculate  a  complete  set  of 
Franck-Condon  factors  for  the  a-X,b-X,A-X, 

B  -  X  ,  C  -  X  ,  C'  -  X  ,  D  -  X  and  E  -  X  transitions  of 
PbO* .  These  factors  were  used  extensively  to  discern 
proper  assignments  based  on  the  relative  intensity  of  the 
bands.  Assignments  were  made  in  such  a  way  as  to  continue 
a  progression  unless  the  Franck-Condon  factors  were  unfav¬ 
orable  for  a  particular  transition.  In  addition,  assign¬ 
ments  reported  in  the  literature  were  used  in  making  the 
determinations . 

3 

Analysis  of  the  spectra  from  the  Pb  +  C>2  (  l)  reaction 
yielded  67  transitions  assignable  to  the  a,  b.  A,  B  and  C 
electronic  states.  A  similar  analysis  of  the  spectra  from 
the  Pb  +  02(^A)  reaction  led  to  the  assignment  of  225 
transitions  to  the  a,  b,  A,  B,  C,  C' ,  D  and  E  electronic 
states  of  PbO.  The  observed  wavelengths  and  assigned  tran¬ 
sitions  for  each  reaction  are  tabulated  in  Tables  III  and 
IV.  The  energies  of  the  transitions  have  been  corrected 
for  vacuum  operation  and  are  reported  along  with  the  calcu¬ 
lated  energies  and  energy  differences. 

The  accuracy  of  these  assignments  can  be  assessed  with 
the  aid  of  Deslandres  tables.  The  transition  energies  for 
the  a  -  X  transitions  of  the  Pb  +  02(3£)  reaction  and 
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Observed 

O 

(A) 

Cor rected 

,  -1. 

(cm  ) 

Calculated 

,  -1. 

(cm  ) 

Cor  -  Ca 1 
(cm-1) 

Assignment 

5104.7 

19584.4 

19564.4 

-19.9 

a  (  8 , 0) 

5219.3 

19154.2 

19127.4 

-26.8 

a  (  7 , 0) 

5345.4 

18702.4 

18684.3 

-18.1 

a (6 , 0) 

5475.8 

18257.2 

18235.5 

-21.7 

(5,0) 

5590.3 

17883.0 

17872.8 

-10.2 

(9,3) 

5615.9 

17801.5 

17780 . 9 

-20.6 

(4,0) 

5699.9 

17539.2 

17520.8 

-18.4 

(5,1) 

5767.2 

17334.6 

17320.2 

-14.4 

(3,0) 

5851.8 

17084.1 

17066.0 

r-4 

CO 

rH 

I 

(4,1) 

5927.0 

16867.4 

16853.7 

-13.7 

(2,0) 

6014.9 

16620.7 

16606.5 

(N 

in 

H 

1 

(3,1) 

6099.1 

16391.3 

16381.1 

-10.2 

(1,0) 

6190.5 

16149.3 

16138.9 

-10.4 

(2,1) 

6283.8 

15909.6 

15897.7 

-11.9 

(3,2) 

6377.9 

15674.7 

15666.3 

-  8.3 

(1,1) 

6476.2 

15436.9 

15431.4 

-  5.5 

(2,2) 

6579.0 

15195.7 

15188.1 

-  7.6 

(0,1) 

6677.9 

14970.7 

14958.9 

-11.8 

(1,2) 

6782.7 

14739.3 

14731.0 

-  8.3 

(2,3) 

6899.2 

14490.4 

14480.6 

-  9.8 

(0,2) 

7002.5 

14276.7 

14258.4 

-18.3 

(1,3) 

7245.7 

13797.5 

13780.1 

-17.3 

(0,3) 

7362.0 

13579.6 

13565.3 

-14.2 

(1,4) 

Table  III.  Observed  PbO  Bandheads  and  Their 

3 

Assignments  for  the  Pb  +  O2 (  E) 
Reaction 
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Observed 

O 

(A) 

Corrected 

(cm-1) 

Calculated 

(cm  ) 

Cor  -Cal 
(cm-1) 

Assignment 

7632.1 

13098.9 

13087.0 

-12.0 

a  (  0 , 4 ) 

8051.6 

12416.5 

12406.5 

-10.0 

b  (  4 , 8) 

4446.5 

22483.5 

22515.4 

31.9 

A  (  8 , 1 ) 

4612.3 

21675.0 

21650.2 

-24.8 

A  ( 6 , 1 ) 

4645.7 

21519.3 

21491.0 

-28.3 

A  (  4 , 0) 

4749.8 

21047.8 

21051.3 

3.5 

(3,0) 

4773.8 

20942.0 

20942.4 

-  0.0 

(6,2) 

4846.3 

20628.3 

20609.6 

-18.7 

(2,0) 

4916.3 

20334.7 

20336.8 

2.1 

(3.1) 

4957.0 

20167.8 

20165.8 

-  2.0 

(1,0) 

5022.1 

19906.4 

19895.0 

-11.4 

(2,1) 

5070.2 

19717.6 

19720.0 

2.4 

(0,0) 

5134.2 

19471.9 

19451.5 

-20.4 

(1,1) 

5252.3 

19033.8 

19005.2 

-28.5 

(0,1) 

5327.6 

18764.9 

18743.4 

-21.5 

(1,2) 

5402.4 

18505.1 

18487.0 

-18 . 1 

(2,3) 

5464.4 

18295.2 

18297.6 

2.4 

(0,2) 

5537.1 

18055.1 

18043.0 

-12.0 

(1,3) 

5553.1 

18008.0 

17989.2 

-18.8 

(4,5) 

5671.8 

17626.1 

17597.3 

-28.8 

(0,3) 

5758.2 

17361.7 

17350.0 

-11.7 

(1,4) 

5905.3 

16929.4 

16903.9 

-25.5 

(0,4) 

5993.8 

16679.2 

16663.9 

-15.3 

(1,5) 

Table 

III.  Observed 

PbO  Bandheads 

and  Their 

Assignments  for  the  Pb  +  C^^E) 
Reaction  (Continued) 
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Observed 

O 

(A) 

Corrected 

(cm-1) 

Calculated 

(cm”1) 

Cor  -  Cal 
(cm-1) 

Assignment 

6155.0 

16242.5 

16218.0 

-24.5 

A  (  0 , 5) 

6250.4 

15994.6 

15984.9 

-  9.7 

(1,6) 

6428.3 

15551.9 

15539.0 

-12.9 

(0,6) 

6522.7 

15326.8 

15313.5 

-13.3 

(1,7) 

6817.7 

14663.6 

14649.0 

-14.6 

(1,8) 

4063.5 

24602.7 

24610.5 

7.8 

B  (5 , 0) 

4143.0 

24126.6 

24122.5 

-  4.1 

B  ( 4 , 0 ) 

4223.8 

23668.6 

23634.0 

-34.6 

B  (3, 0) 

4313.4 

23177.1 

23145.5 

-31.6 

(2,0) 

4405.5 

22692.7 

22656.7 

-36.0 

(1,0) 

4505.3 

22189.7 

22167.5 

-22.2 

(0,0) 

4551.6 

21964.0 

21941.9 

-22.1 

(1,1) 

4653.7 

21482.3 

21452.8 

-29.5 

(0,1) 

4704.3 

21251.3 

21234.6 

-16.7 

(1,2) 

4809.9 

20784.8 

20745.2 

-39.6 

(0,2) 

4984.4 

20057.0 

20044.9 

-12.0 

(0,3) 

5158.2 

19381.3 

19351.7 

-29.6 

(0,4) 

5271.3 

18965.3 

18964.9 

-  0.4 

(2,6) 

5410.5 

18477.5 

18476.0 

-  1.5 

(1,6) 

4479.5 

22317.4 

22302.5 

-14 . 9 

C  ( 0 , 2 ) 

4628.1 

21601.1 

21602.5 

1.4 

C  (  0 , 3 ) 

Table 

III.  Observed 

PbO  Bandheads 

and  Their 

Assignments  for  the  Pb  +  0 2(3E) 
Reaction  (Continued) 
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Observed 

O 

(A) 

Corrected 
(cm  1) 

Calculated 

(cm  ) 

Cor  -  Cal 
(cm-1) 

Assignment 

4889.0 

20448.2 

20450.8 

2.6 

a (10,0) 

4993.4 

20020.8 

20020.1 

-0.8 

a  ( 

9,0) 

5104.3 

19586.0 

19584.2 

-1.8 

a  ( 

8,0) 

5221.8 

19145.0 

19143.1 

-1.9 

( 

7,0) 

5299.0 

18866.1 

18869.1 

3.0 

( 

8,1) 

5347.1 

18696.5 

18696.9 

0.4 

( 

6,0) 

5424.3 

18430.5 

18428.0 

-2.5 

( 

7,1) 

5480.1 

18242.8 

18245.5 

2.7 

( 

5,0) 

5503.6 

18165.0 

18161.2 

-3.8 

( 

8,2) 

5559.5 

17982.4 

17981.8 

-0.6 

( 

6,1) 

5620.6 

17786.6 

17789.0 

2.4 

( 

4,0) 

5639.0 

17728.6 

17720.1 

-8.5 

( 

7,2) 

5702.6 

17530.9 

17530.5 

-0.4 

( 

5,1) 

5768.5 

17330.7 

17327.3 

-3.4 

( 

3,0) 

5784.3 

17283.4 

17273.9 

-9.5 

( 

6,2) 

5854.5 

17076.2 

17073.9 

-2.3 

( 

4,1) 

5871.9 

17025.6 

17019.4 

-6.2 

( 

7,3) 

5930.6 

16857.2 

16860.5 

3.3 

( 

2,0) 

5942.3 

16824.0 

16822.6 

-1.4 

( 

5,2) 

6017.4 

16613.8 

16612.3 

-1.5 

( 

3,1) 

6030.8 

16576.9 

16573.2 

-3.7 

( 

6,3) 

6100.0 

16388.9 

16388.5 

-0.4 

( 

1,0) 

6107.0 

16370.1 

16366.0 

-4.1 

( 

4,2) 

Table 

IV.  Observed 

PbO  Bandheads 

and  Their 

Assignments  for  the  Pb 
Reaction 

+  o2(1a) 
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Observed 

O 

(A) 

Corrected 

(cm'1) 

Calculated 

.  '  -1, 

(cm  ) 

Cor  -  Cal 
(cm'1) 

Assignment 

6192.4 

16144.4 

16145.4 

1.0 

a  (  2 , 1) 

6199.2 

16126.7 

16121.8 

-  4.9 

(5,3) 

6288.3 

15898.3 

15904.3 

6.0 

(3,2) 

6378.5 

15673.2 

15665.3 

-  7.9 

(1,1) 

*6378. 5 

15673.2 

15673.4 

0.2 

(4,  3) 

*6475.8 

15437.8 

15437.5 

-  0.3 

(2,2) 

6573.5 

15208.4 

15203.6 

-  4.8 

(3,3) 

6677.4 

14971.9 

14971.7 

-  0.2 

(4,4) 

6681. 2 

14963.3 

14965.5 

2.2 

(1,2) 

6784.1 

14736.2 

14736.8 

0.6 

(2,3) 

6888. 3 

14513.4 

14510.0 

-  3.4 

(3,4) 

7003.4 

14274.9 

14285.3 

10.4 

(4,5) 

7007.4 

14266.8 

14264.7 

-  2.1 

(1,3) 

7126.4 

14028.4 

14043.2 

14.8 

(2,4) 

7227.7 

13831.8 

13841.7 

9.9 

(6,7) 

7249.7 

13789.9 

13787.6 

-  2.3 

(0,3) 

7466. 9 

13388.7 

13390.4 

1.7 

(5,7) 

7632.1 

13098.9 

13094.0 

-  4.9 

(0,4) 

5448.4 

18349. 

18358.8 

9.8 

b  (  5 , 0) 

5663.5 

17651.9 

17643.7 

-  8.2 

b  (  5 , 1) 

5718.6 

17481.9 

17488.8 

6.9 

b  (  3 , 0) 

5808.6 

17211.1 

17208.1 

-  3.0 

(4,1) 

5959.3 

16775.7 

16773.8 

-  1.9 

(3.1) 

Table 

IV.  Observed 

PbO  Bandheads  and  Their 

Assignments  for  the  Pb  +  O^1^) 
Reaction  (Continued) 
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Observed 

O 

(A) 

Corrected 

(cm-1) 

Calculated 

(cm'1) 

Cor  -  Cal 
(cm'1) 

Assignment 

6055.9 

16508.2 

16500.2 

-  8.0 

b(4,2) 

6118.4 

16339.6 

16340.9 

1.3 

(2,1) 

6285.7 

15904.8 

15909.3 

4.5 

(1,1) 

6392.6 

15638.7 

15632.9 

-  5.8 

(2,2) 

*6573.5 

15208.4 

15201.4 

-  7.0 

(1,2) 

6614.4 

15114.4 

15105.8 

-  8.6 

(4,4) 

6692.5 

14938.1 

14932.2 

-  5.9 

(2,3) 

6764.7 

14778.5 

14771.2 

-  7.3 

(0,2) 

7102.5 

14075.6 

14070.5 

-  5.1 

(0,3) 

7480.9 

13363.6 

133,6.9 

13.3 

(0,4) 

4302.2 

23237.4 

23242.5 

5.1 

A  (  8 , 0) 

4383.3 

22807.6 

22810.2 

2.6 

A  (  7 , 0) 

4438.5 

22524.0 

22527.5 

3.5 

A  (  8 , 1 ) 

4468.2 

22373.9 

22376.3 

2.4 

(6,0) 

4523.7 

22099.4 

22095.2 

-  4.2 

(7,1) 

4556.6 

21939.9 

21940.6 

0.7 

(5,0) 

4581.1 

21822.6 

21819.6 

-  3.0 

(8,2) 

4613.4 

21669.9 

21661.2 

-  8.7 

(6,1) 

4649.6 

21501.2 

21503.2 

2.0 

(4,0) 

4708.7 

21231.4 

21225.5 

-  5.9 

(5,1) 

4732.8 

21123.3 

21118.8 

-  4.5 

(8,3) 

4746.2 

21063.7 

21064.1 

0.4 

(3,0) 

4771.1 

20953.8 

20953.3 

-  0.5 

(6,2) 

Table 

IV.  Observed 

PbO  Bandheads 

and  Their 

Assignments  for  the  Pb  +  02(1&) 
Reaction  (Continued) 
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Observed 

O 

(A) 

Corrected 

(cm-1) 

Calculated 

(cm-1) 

Cor  -  Cal 
(cm"1) 

Assignment 

4834.0 

20681.2 

20686.5 

5.3 

A  ( 7, 3) 

4848.3 

20619.8 

20623.3 

3.5 

(2,0) 

4872.5 

20517.5 

20517.6 

0.1 

(5,2) 

4894.6 

20424.8 

20425.2 

0.4 

(8,4) 

*4912.4 

20350.8 

20349.0 

-1.8 

(3,1) 

4938.1 

20245.0 

20252.5 

7.6 

(6,3) 

4954.1 

20179.6 

20180.8 

1.2 

(1,0) 

4979.2 

20077.9 

20080.2 

2.3 

(4,2) 

5021.7 

19908.0 

19908.3 

0.3 

(2,1) 

5065.6 

19735.5 

19736.7 

1.2 

(0,0) 

5091.5 

19635.2 

19641.1 

5.9 

(3,2) 

5128.6 

19493.2 

19490.1 

i— 1 

CO 

1 

(9,6) 

5135.4 

19467.4 

19465.8 

-1.6 

(1,1) 

5159.2 

19377.6 

19379.5 

1.9 

(4,3) 

5178.1 

19306.9 

19306.5 

-0.4 

(7,5) 

5228.4 

19120.8 

19123.3 

2.5 

(5,4) 

5255.3 

19023.0 

19021.6 

-1.4 

(0,1) 

5278.9 

18938.0 

18940.4 

2.4 

(3,3) 

*5297.4 

18871.8 

18872.5 

0.7 

(6,5) 

5330.1 

18756.1 

18757.9 

1.8 

(1,2) 

5350.1 

18686.0 

18685.9 

rH 

o 

1 

(4,4) 

5405.4 

18494.9 

18499.6 

4.7 

(2,3) 

5422.3 

18437.3 

18436.8 

-0.5 

(5,5) 

Table 

IV.  Observed 

PbO  Bandheads 

and  Their 

Assignments  for  the  Pb  + 
Reaction  (Continued) 
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Observed 

O 

(A) 

Corrected 

(cm-1) 

Calculated 

(cm  ) 

Cor  -  Cal 
(cm-1) 

Assignment 

5438.3 

18383.0 

18387.4 

4.4 

A (8, 7) 

5458.5 

18315.0 

18313.7 

-1.3 

(0,2) 

5494.8 

18194.1 

18193.2 

-0.9 

(6,6) 

5538.7 

18049.9 

18057.1 

7.2 

(1,3) 

5553.5 

18001.8 

17999.4 

-2.4 

(4,5) 

5567.5 

17956.5 

17955.1 

-1.4 

(7,7) 

*5615.0 

17804.4 

17806.0 

1.6 

(2,4) 

5631.0 

17753.8 

17757.5 

3.7 

(5,6) 

5675.3 

17615.2 

17613.0 

-2.2 

(0,3) 

5692.8 

17561.1 

17560.4 

-0.7 

(3,5) 

5756.9 

17365.6 

17363.5 

-2.1 

(1,4) 

5771.3 

17322.3 

17320.2 

-2.1 

(4,6) 

5840.7 

17116.5 

17119.6 

3.1 

(2,5) 

5850.5 

17087.9 

17085.4 

-2.5 

(5,7) 

5907.6 

16922.8 

16919.4 

-3.4 

(0,4) 

5923.0 

16878.8 

16881.1 

2.3 

(3,6) 

5994.8 

16676.4 

16677.1 

0.7 

(1,5) 

*6004.0 

16650.8 

16648.0 

-2.8 

(4,7) 

6157.3 

16236.4 

16232.9 

-3.5 

(0,5) 

6167.1 

16210.6 

16208.9 

-1.7 

(3,7) 

6249.3 

15997.4 

15997.8 

0.4 

(1,6) 

6252.8 

15988.5 

15983.1 

-5.4 

(4,8) 

6341.2 

15765.4 

15768.2 

2.8 

(2,7) 

Table 

IV.  Observed 

PbO  Bandheads 

and  Their 

Assignments  for  the  Pb  +  02(^A) 
Reaction  (Continued) 
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Observed 

0 

(A) 

Corrected 

(cm-1) 

Calculated 

(cm-1) 

Cor  -  Cal 
(era-1) 

Assignment 

6427.7 

15553.3 

15553.6 

0.3 

A(  0 , 6  ) 

6523.6 

15324.7 

15325.7 

1.0 

(1,7  ) 

6619.5 

15102.8 

15103.2 

0.4 

(2,8  ) 

6715.5 

14886.7 

14886.1 

-  0.6 

(3,9  ) 

6717.5 

14882.3 

14881.5 

-  0.8 

(0,7  ) 

6818.8 

14661.3 

14660.7 

-  0.6 

(1,8  ) 

6921.8 

14443.1 

14445.4 

2.3 

(2,9  ) 

7022.5 

14236.1 

14235.5 

-  0.6 

(3,10) 

7032.3 

14216.3 

14216.5 

0.2 

(0,8  ) 

7139.0 

14003.6 

14002.9 

-  0.7 

(1,9  ) 

7247.7 

13793.7 

13794.7 

1.0 

(2,10) 

7354.6 

13593.2 

13592.0 

-  1.2 

(3,11) 

7461.9 

13397.6 

13394.7 

-  2.9 

(4,12) 

7827.9 

12771.2 

12765.5 

-  5.7 

(4,13) 

*3768.4 

26528.7 

26530.3 

1.6 

B  (  9 , 0  ) 

*3838.3 

26045.7 

26055.3 

9.6 

B  (  8 , 0  ) 

*3871.1 

25825.1 

25815.2 

-  9.9 

B  ( 9 , 1  ) 

*3909.8 

25569.1 

25578.3 

8.7 

(7,0  ) 

3946.8 

25337.0 

25340.2 

3.2 

(8,1  ) 

3984.8 

25088.4 

25099.3 

10.9 

(6,0  ) 

4023.6 

24846.6 

24863.2 

16.6 

(7,1  ) 

4059.8 

24625.1 

24618.4 

-  6.7 

(5,0  } 

*4102.1 

24370.6 

24384.3 

13.7 

(6,1  ) 

Table 

IV.  Observed 

PbO  Bandheads 

and  Their 

Assignments  for  the  Pb  +  02  (1A) 
Reaction  (Continued) 
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Observed 

O 

(A) 

Corrected 
(cm  1) 

Calculated 

(cm”1) 

Cor  -  Cal 
(cm-1) 

Assignment 

4140.0 

24147.6 

24135.5 

-12.1 

B(4 , 0) 

4182.9 

23900.0 

23903.3 

3.3 

(5,1) 

4225. 

23661.9 

23650.7 

-11.2 

(3,0) 

*4268. 

23422.5 

23420.5 

-  2.0 

(4,1) 

4299.6 

23251.5 

23237.9 

-13.6 

(8,4) 

4311.3 

23188.4 

23195.4 

7.0 

(5,2) 

4313.7 

23175.5 

23163.9 

-11.6 

(2,0) 

4340.5 

23032.5 

23026.5 

-  6.0 

(9,5) 

4349.5 

22984.8 

22975.6 

-  9.2 

(6,3) 

4358.3 

22938.4 

22935.6 

-  2.8 

(3,1) 

4400.6 

22718.0 

22712.6 

-  5.4 

(4,2) 

4407.0 

22685.0 

22675.1 

-  9.8 

(1,0) 

4445.1 

22490.6 

22494.7 

4.1 

(5,3) 

4453.0 

22450.7 

22448.8 

-  1.9 

(2,1) 

4497.0 

22230.6 

22227.7 

-  2.9 

(3,2) 

4505.8 

22187.2 

22184.4 

-  2.8 

(0,0) 

4529.9 

22069.2 

22074.5 

5.3 

(7,5) 

4551.0 

21966.9 

21960.1 

-  6.8 

(1,1) 

4643.3 

21530.4 

21527.0 

-  3.4 

(3,3) 

4656.4 

21469.8 

21469.4 

-  0.4 

(0,1) 

4689.7 

21317.4 

21318.2 

0.8 

(4,4) 

4702.5 

21259.4 

21252.2 

-  7.2 

(1,2) 

4751.4 

21040.7 

21040.2 

-  0.5 

(2,3) 

Table 

IV.  Observed 

PbO  Bandheads 

and  Their 

Assignments  for  the  Pb  +  (^(^A) 
Reaction  (Continued) 
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Observed 

0 

(A) 

Corrected 
(cm  1) 

Calculated 

.  -1, 

(cm  ) 

Cor  -  Cal 
(cm-1) 

Assignment 

4813.2 

20770.6 

20761.4 

-  9.2 

b( 

0,2  ) 

*4912.4 

20350.8 

20346.6 

-  4.2 

( 

2,4  ) 

4961.5 

20149.5 

20147.0 

-  2.5 

( 

3,5  ) 

4983.6 

20060.2 

20060.7 

0.5 

( 

0,3  ) 

5034.3 

19858.2 

19857.8 

-  0.4 

( 

1,4  ) 

5162.8 

19364.1 

19367.1 

3.0 

( 

0,4  ) 

5211.6 

19182.4 

19171.4 

-11.0 

( 

1,5  ) 

5264.9 

18988 . 3 

18980.9 

-  7.4 

( 

2,6  ) 

*5350.1 

18686.0 

18680.7 

-  5.3 

( 

0,5  ) 

*5405.4 

18494.9 

18492.1 

-  2.8 

( 

1,6  ) 

5615. 

17804.4 

17820. 0 

15.6 

( 

1,7  ) 

5668.7 

17635.8 

17643.8 

8.0 

( 

2,8  ) 

5828.8 

17151.5 

17155.0 

3.5 

( 

1,8  ) 

5884.9 

16988.0 

16985.9 

-  2.1 

( 

2,9  ) 

5945.7 

16814.4 

16822.1 

7.7 

( 

3,10) 

6122.0 

16330. 

16335.3 

5.3 

( 

2,10) 

3440.5 

29048.7 

29043.7 

-  5.0 

c( 

11,0  ) 

3495.4 

28600.8 

28614.8 

14.0 

C  ( 1 0 , 2  ) 

3528.1 

28335.8 

28328.6 

-  7.2 

C(ll,l  ) 

*3547.8 

28178.5 

28174.7 

-  3.8 

( 

9,0  ) 

*3606.2 

27722.3 

27723.3 

1.0 

( 

8,0  ) 

*3666.9 

27263.6 

27260.7 

-  2.9 

( 

7,0  ) 

3704.2 

26988.4 

27008.3 

19.9 

( 

8,1  ) 

Table 

IV.  Observed 

PbO  Bandheads 

and  Their 

Assignments  for  the  Pb  +  02(*A) 
Reaction  (Continued) 
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Observed 

O 

(A) 

Corrected 
(cm  L) 

Calculated 

(cm-1) 

Cor  -  Cal 
(cm-1) 

Assignment 

3732.0 

26787.4 

26786.9 

-  0.5 

C (  6,0) 

3768.4 

26528.7 

26545.7 

17.0 

(  7,1) 

3799.2 

26296.6 

26301.8 

5.4 

(  5,0) 

*3871.1 

25799.8 

25805.4 

5.6 

(  4,0) 

4067.5 

24578.5 

24582.8 

4.3 

(  3,1) 

4153.1 

24071.4 

24064.0 

-  7.4 

(  2,1) 

4281.2 

23351.4 

23356.1 

4.7 

(  2,2) 

4379.3 

22828.4 

22826.0 

-  2.4 

(  1,2) 

4634.5 

21571.2 

21583.9 

12.7 

(  0,3) 

4787.3 

20882.9 

20890.3 

7.4 

(  0,4) 

4947.1 

20280.1 

20203.9 

-  4.2 

(  0,5) 

5016.7 

19927.9 

19923.9 

-  4.0 

(  2,7) 

3255.0 

30713.5 

30714.9 

1.4 

C  '  ( 1  3 , 0) 

3298.3 

30310.4 

30305.7 

-  4.7 

C  '  ( 12 , 0) 

*3551.3 

28158.7 

28150.7 

-  8.0 

C'(  7,0) 

3591.6 

27835.0 

27881.1 

46.1 

(  8,1) 

*3610.9 

27693.9 

27697.9 

4.0 

(  6,0) 

*3666.9 

27263.6 

27238.0 

-25.6 

(  5,0) 

3838.3 

26045.7 

26055.8 

10.1 

(  4,1) 

*3909.8 

25569.6 

25581.4 

11.8 

(  3,1) 

*4100.3 

24388.5 

24391.8 

3.3 

(  2,2) 

*4182.9 

23900.0 

23902.9 

2.9 

(  1,2) 

4307.3 

23209.9 

23202.2 

-  7.7 

(  1,3) 

Table 

IV.  Observed 

PbO  Bandheads 

and  Their 

Assignments  for  the  Pb  +  02(  A) 
Reaction  (Continued) 


Observed 

O 

(A) 

Corrected 
(cm  1) 

Calculated 

(cm-1) 

Cor  -  Cal 
(cm  1) 

Assignment 

4541.7 

22011.9 

22012.5 

0.6 

C'(0,4) 

*4689.7 

21317.4 

21326.0 

8.6 

(0,  5) 

3116.3 

32080.1 

32080.8 

0 . 7 

D(5,l> 

3153.8 

31698.7 

31717.8 

19.1 

D  (  3 , 0 ) 

3214.0 

31105.2 

31162.0 

56.8 

D(2 ,0) 

3280.2 

30477.6 

30446.9 

-30.7 

(2,1) 

*3298.3 

30310.4 

30294.8 

-15.6 

(3,2) 

3331.3 

30009.3 

30016.8 

7.5 

(0,0) 

3359.5 

29757.5 

29739.0 

-18 . 5 

(2,2) 

3377.1 

29602.4 

29594.1 

-8.3 

(3,3) 

3426.2 

29178.3 

29172.0 

-  6.3 

(1,2) 

3495.4 

28600.8 

28593.9 

-  6.9 

(0,2) 

3606.2 

27722.3 

27777.7 

55.2 

(1,4) 

3683.0 

27144.4 

27091.2 

-53.2 

(1,5) 

3200.9 

31232.4 

31258.8 

26.4 

eU,5) 

3316.4 

30144.1 

30139.5 

-  4.6 

E(0,6) 

3393.0 

29463.8 

29468.1 

4.3 

E  ( 0 , 7) 

3480.8 

28720.8 

28803.5 

82.7 

(0,8) 

Table  IV.  Observed  PbO  Bandheads  and  Their 

Assignments  for  the  Pb  +  02(^i) 
Reaction  (Continued) 
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for  the  A  -  X  and  B  -  X  transitions  of  the  Pb  +  ^  A ) 

reaction  have  been  arranged  in  Deslandres  tables  and  arc- 
shown  in  Figures  14-16.  The  energy  differences  between 
the  rows  and  columns  are  shown  in  parentheses.  The  rows 
formed  by  the  differences  between  successive  pairs  in  the 
columns  and  the  columns  formed  by  differences  between  suc¬ 
cessive  pairs  in  the  rows  agree  within  experimental  error. 
This  agreement  substantiates  the  accuracy  of  the  assignments. 
Deslandres  tables  for  other  states  are  not  shown  due  to 
insufficient  data  points  for  a  meaningful  comparison. 

The  assignment  of  transitions  from  the  C,  C',  D,  and 
E  states  for  the  Pb  +  C^^A)  reaction  was  complicated  by 
the  fact  that  the  intensities  of  the  bands  were  relatively 

O  O 

low.  The  spectra  were  rerun  from  3000  A  to  4000  A  with  the 
slit  width  increased  by  a  factor  of  10.  This  significantly 
reduced  the  resolution  in  the  spectra  and  caused  considerable 
overlap  in  the  bands.  In  some  cases,  more  than  one  trans¬ 
ition  was  assigned  to  the  same  band.  Overlaps  are  indicated 
by  asterisks  in  Table  IV.  A  representative  spectra  from 

O  O 

3000  A  to  4000  A  is  shown  in  Figure  17. 

To  further  check  the  validity  of  the  assignments,  the 
relative  intensities  of  the  bands  in  these  transitions  were 
compared  to  the  Franck-Condon  factors.  For  comparison 
purposes,  the  intensities  were  normalized  by  dividing  each 
intensity  by  the  sum  of  the  intensities  for  a  given  elec¬ 
tronic  state.  The  intensities  for  the  a  -  X,  A  -  X,  and 


15196  (706)  14490  (692)  13798  (699)  13099 


Figure  14.  Deslandres  Table  for  the  a  -  X  Transition 
of  the  Pb  +  0 0(3I)  Reaction 


15.  Deslandres  Table  for  the  A  -  X  Transition 
of  the  Pb  +  CU^A)  Reaction 
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Deslandres  Table  for  the  B  -  X  Transition 


F 


B  -  X  transitions  mentioned  earlier  are  shown  in  Figures  18-20. 
Although  this  allows  only  qualitative  comparison,  the  relatively 
good  agreement  in  the  variation  of  the  intensities  and  of  the 
Franck-Condon  factors  supports  the  correctness  of  the  assign¬ 
ments  . 

The  Condon  parabola  is  also  shown  in  Figures  18-20.  The 
width  of  the  parabola  is  directly  related  to  the  difference 
in  the  internuclear  separation  distance  of  the  upper  and 
lower  states  (Ref  9:198).  The  relatively  wide  parabolas  of 
Figures  18-20  indicate  a  large  shift  in  the  internuclear 
separation  distances  for  the  excited  states  of  PbO  and  the 
ground  state.  This  large  shift  was  verified  by  Pow  (Ref  23) 
who  was  able  to  plot  potential  energy  curves  for  the  X,  a, 
b.  A,  B,  C,  C' ,  D  and  E  states  of  PbO. 

Low  dispersion  spectra  from  the  Pb  +  C>2(\)  and 
Pb  +  0^('*'a)  reactions  were  also  taken  during  this  work  and 
are  shown  in  Figures  21-22.  The  gain  in  Figure  21  is 
approximately  100  times  greater  than  in  Figure  22  due  to 
factors  of  10  in  the  slit  width  and  in  the  carrier  gas 
pressure  (pb  flow  rate) .  These  spectra  allow  a  qualitative 
comparison  of  the  relative  intensities  of  the  different 
electronic  systems.  Taking  into  account  the  differences  in 
gain,  the  Pb  +  02(^A)  reaction  obviously  caused  a  consid¬ 
erable  increase  in  the  intensity  of  emissions  from  all  of 
the  excited  states.  However,  the  A  and  B  state  emission 
intensities  were  increased  much  more  than  the  a  state 
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Figure  19.  Deslandres  Table  of  Intensities  for  the 

A  -  X  Transition  of  the  Pb  +  (^(^A)  Reaction 


64 


Figure  20.  Deslandres  Table  of  Intensities  for  the 

B  -  X  Transition  of  the  Pb  +  02l  A)  Reaction 
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Figure  22.  Low  Dispersion  Spectrum  from 
the  Pb  +  CU(^A)  Reaction 


Based  on  these  figures  and  after  taking  an  average  ratio  for 
each  state,  the  enhancement  of  the  A  state  was  calculated 
to  be  about  10  times  that  for  the  a  state.  Similarly,  the 
enhancement  of  the  B  state  was  about  8.3  times  that  for  the 
a  state.  These  enhancements  of  the  A  and  B  states  over 
the  a  state  offer  the  first  evidence  that  it  may  be  possible 
to  populate  an  upper  electronic  energy  state  at  the  expense  of 
a  lower  lying  energy  state.  If  this  upper  state  population 
could  achieve  greater  than  50%  of  the  lower  energy  state,  a 
population  inversion  would  be  accomplished.  The  general  trend 
of  increasing  intensity  with  increasing  energy  of  the  tran¬ 
sition  within  a  given  electronic  state  remains  to  be  explained. 

Finally,  an  analysis  was  performed  on  the  effect  of 
variations  in  oxidizer  pressure  on  spectral  intensity  for 
the  Pb  +  C^^A)  reaction.  Oxidizer  pressures  were  varied 
from  0.3  T  to  0.9  T  at  0.5  T  of  Ar  and  from  1.0  T  to  1.4  T  at 
0.9  T  of  Ar.  The  resulting  spectra  are  shown  in  Appendix  F. 

A  slight  enhancement  of  the  B  state  over  the  A  state  was  noted 
when  pressure  was  increased  from  0.3  T  to  0.7  T.  However, 
this  enhancement  subsided  at  0.8  T  and  was  not  observed  at 
the  higher  pressures.  The  major  enhancement  of  the  A  and  B 

states  observed  by  Snyder  (Ref  2:40,  46)  for  the  reaction  of 

3  1 

Pb  +  Oj (  I)  was  not  observed  for  the  Pb  +  (  A)  reaction. 

Kinetics 

The  mechanisms  of  the  reactions  which  lead  to  chemi¬ 
luminescence  from  PbO  are  in  doubt.  Kurylo  et  al  (Ref  5) 
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and  Oldenborg  et^  al  (Ref  7)  suggested  that  the  presence  of 
the  3P^  excited  state  of  Pb  during  reaction  with  ground  state 
oxygen  was  responsible  for  the  observed  chemiluminescence. 

No  evidence  was  given  to  substantiate  this  suggestion.  Initial 
spectroscopic  work  on  PbO  at  AFIT  (Refs  2  and  3)  led  to  the 
postulation  of  the  following  two-step  mechanism  for  the 

3 

reaction  of  Pb  with  0^  (  £)  . 

Pb  (g)  +  02(3£)  -»  PbO  (X)  +  0  (15) 

Pb  (g )  +  0  -*  PbO*  (16) 

where  X  indicates  the  ground  electronic  state,  and  g 
implies  the  gaseous  state.  The  question  as  to  how  the  3P^ 
state  of  Pb  was  generated  has  also  arisen  in  the  literature 
(Refs  5  and  7).  Bachar  and  Rosenwaks  showed  that,  for  the 

case  of  the  Pb  +  02(3A)  reaction,  the  main  source  of 

3  13 

Pb(  P^)  was  a  reaction  between  0^ (  A)  and  Pb{  PQ) 

(Ref  14:526).  However,  no  evidence  has  been  presented  to 
indicate  the  source  of  Pb  excitation  or  the  mechanism  lead¬ 
ing  to  chemiluminescence  in  the  reaction  between  Pb  and 

3 

02(  E) .  The  first  two  parts  of  this  section  attempt  to 
unravel  the  mechanism  or  mechanisms  responsible  for  the 
observed  emissions  from  the  Pb  +  0 2(3E)  reaction.  The 
final  part  discusses  the  mechanism  of  the  Pb  +  02(3A) 
reaction. 
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Presence  of  Excited  Pb.  Two  methods  were  used  in  an 


attempt  to  detect  electrical  excitation  of  Pb  in  the  current 
work.  First,  one  of  the  electrodes  to  the  tungsten  coil  was 
grounded  to  the  outside  of  the  flow  tube  to  prevent  arcing 
across  the  electrodes.  The  emission  intensities  were  recorded 
with  and  without  the  ground  wire  connected.  No  observable 
change  occurred  in  the  intensities. 

The  second  method  was  to  shut  off  the  heater  power  supply 
and  observe  the  resulting  decay  in  emission  intensity  as  a 
function  of  time  and  temperature.  If  electrical  excitations 
were  occurring,  a  sudden  drop  in  intensity  should  have  been 
observed.  If  no  electrical  excitations  were  occurring,  the 
decay  intensities  should  be  gradual  with  time.  Figure  23 
shows  a  plot  of  intensity  and  temperature  versus  time.  Note 
the  linearity  of  the  temperature  and  gradual  decay  of  the 
intensity.  A  plot  of  the  natural  logarithm  of  the  intensity 
versus  time  gives  a  linear  plot  as  shown  in  Figure  24.  These 
experiments  are  considered  to  be  conclusive  proof  that  no 
electrical  excitations  are  occurring.  The  complete  data  set 
for  these  experiments  is  tabulated  in  Appendix  G. 

An  experimental  determination  of  the  presence  of  thermally 
excited  Pb  was  precluded  due  to  a  lack  of  necessary  detection 
equipment.  However,  from  a  knowledge  of  the  oven  temperature 
and  the  energies  of  the  states  of  Pb,  the  relative  concentra¬ 
tions  of  the  states  can  be  determined  using  the  Boltzman 
equation 
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In  of  Intensity 
(arbitary ) 


Figure  24.  Logarithmic  Intensity  Decay  Versus 


Time  for  Pb  +  E)  Reaction 
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Temperature  (°K) 


N 


Nq  exp ( -AE  /  k.T) 


(17) 


where  N  and  NQ  are  the  number  of  atoms  in  the  excited 
state  and  the  ground  state,  respectively,  AE  is  the  energy 
difference  between  the  excited  state  and  the  ground  state, 
k  is  the  Boltzman  constant  (0.6952  cm  V°K) ,  and  T  is  the 
oven  temperature  (1163°K) .  The  energy  levels  for  the  first 
five  states  of  Pb  are  shown  in  Table  VI.  Using  Eg  (17)  and 
letting  N  =  1  ,  the  values  for  N  and  N  were 

U  Jp 

1  F2 

found  to  be  6.3  x  10  ^  and  1.9  x  10  respectively.  The 

concentration  of  Pb  in  the  flame  region  was  shown  to  be 
14 

about  3.4  x  10  atoms/cc  (Ref  24:4).  Assuming  for  the 
moment  that  all  excited  species  created  in  the  crucible  reach 
the  flame  region,  this  would  yield  approximate  concentrations 
of  2.1  x  10^°  atoms/cc  for  Pb(^P^)  and  6.5  x  108  atoms/cc 
for  Pb(^P2)  •  Concentrations  of  PbJ^D^)  and  Pb^S^)  are 
negligible  (Ref  14:528). 

To  verify  the  previous  assumption,  a  determination  was 
made  as  to  the  amount  of  excited  Pb  remaining  in  the  flame 
region.  Transitions  between  the  five  lowest  energy  states 
of  Pb  are  prohibited  due  to  Laporte's  rule  (Ref  25:1089). 
Laporte’s  rule  states  that  transitions  between  states  of  the 
same  parity  are  forbidden  (Ref  26:236).  Thus,  the  first 
four  excited  states  of  Pb  are  metastable. 
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State 


Energy  (cm  ^ ) 
0 

7819 

10650 

21457 

29466 


Table  VI.  Energy  Levels  of  Pb  (Ref  10:45) 


The  transition  probabilities  for  transitions  between 
the  three  lower  states  of  Pb  have  been  reported  by  Garstang 


(Ref  27:67)  and  are  tabulated  in  Table  VII.  A  is  the 

m 

magnetic  dipole  transition  probability  and  A^  is  the 

electric  quadrupole  transition  probability.  Based  on  these 

3  3 

values,  the  lifetime  of  the  P^  and  P^  states  can  be 
calculated  from 


T  =  1/p 

where  p  is  the  probability  of  a  transition.  This  yields 

3 

a  lifetime  of  136  msec  for  the  P^  state.  Since  the 
probabilities  are  additive  for  a  given  state  (Ref  27:61), 

3 

the  lifetime  of  the  state  is  4.8  sec.  For  the  current 
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Transition 

Type 

Probability  (sec  3) 

V  -  V 

A 

0.18 

1  1 

m 

-4 

A 

q 

2.5  x  10  * 

3P„  -  3P 

A 

0.21 

2  2 

q 

3  3 

P.  -  Pn 

A 

7.30 

1  0 

m 

Table  VII.  Transition  Probabilities  Between 
Excited  States  of  Pb 


system,  the  Pb  flow  velocity  was  calculated  to  be  8150  cm/sec 

(Ref  24:4).  Since  the  chimney  of  the  flow  tube  is  4  in. 

long,  the  residence  time  of  the  Pb  in  the  chimney  is  approx - 

3  3 

imately  1.25  msec.  Therefore,  any  or  formed  in 

the  crucible  will  reach  the  flame  region  unless  quenched  by 
collisions  with  Ar  molecules  or  the  chimney  walls. 

3 

The  equation  for  the  change  in  Pb (  P^)  concentration 
due  to  collisions  with  Ar  can  be  written  as 


d[ 3PX] 

dt 


Kr 


(19) 


where  [ H  indicate  concentration  and  k'  is  a  first-order 
collision  rate  constant.  The  constant  is  defined  in 

terms  of  a  second-order  rate  constant,  k  ,  and  the  concentra¬ 
tion  of  Ar  as 
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Hussain  and  Littler  (Ref  28:68)  reported  a  value  for  k  of 
0  ±  1.0  x  10  *®  cc/molecule-sec  at  300°  K.  The  concentration 
of  Ar  can  be  determined  from 


[Ar]  =  P/RT 


(21) 


where  R  is  the  universal  gas  constant  (82.056  cc-atm/°K-mole) , 
P  is  the  pressure  (~  2mm  of  Hg)  and  T  is  the  temperature 
( ° K) .  The  temperature  extremes  in  the  flow  tube  ranged  from 
300°  K  to  1163°  K  and  correspond  to  the  greatest  and  least 
concentration  of  Ar,  respectively.  Applying  Eq  (21)  to  both 
temperatures  and  multiplying  by  Avagadro's  number  yields  the 
following  Ar  concentrations 

[ArU-jog0  £  =  6.439  x  10*®  molecules/cc  (22) 

[ArDii63°  K  =  1.656  x  10*®  molecules/cc  (23) 

These  concentrations  were  substituted  into  Eq  (20)  using  the 
worst  case  for  k  (1  x  10  *®)  and  resulted  in  the  following 
rate  constants 


k' 


300°  K 


6.439  sec 


-1 

-1 


(24) 


k 


1163°  K 


1.656  sec 


(25) 


Upon  taking  the  inverse  o£  these  rate  constants,  the  following 
lifetimes  were  obtained 

T300°  K  =  155  msec  (26) 

T1163°  K  =  603  mseC  (27) 

3 

A  similar  analysis  for  the  state  using  k  =  2.0  ± 

.5  x  10  ^  cc/molecule-sec  (Ref  28:70)  resulted  in  the 
following  lifetimes 

T300°  K  =  6  msec  (28) 

T1163°  K  =  20  msec  (29) 

As  seen  from  these  results,  even  in  the  worst  case,  the 

3  3 

lifetimes  of  the  and  states  are  at  least  four 

times  greater  than  the  chimney  residence  time  of  lead. 

Since  this  analysis  has  neglected  the  effects  of  col¬ 
lisions  with  the  chimney  walls,  these  calculations  represent 
an  upper  limit  on  the  lifetimes.  However,  the  effect  of 

wall  collisions  is  assumed  to  be  negligible.  Thus,  any 
3  3 

P^  or  created  in  the  crucible  will  reach  the  flame 

region,  and  our  original  assumption  is  verified. 

The  effect  of  the  presence  of  excited  Pb  on  the  reaction 
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Pb(3P  )  +  0„(3)1)  ->  PbO(X)  +  0(3PJ 

n  l  2 


(15') 


where  n  =  0,1,2,  can  be  assessed  by  studying  the  exother- 
micity  of  the  reactions.  The  heats  of  formation  of  the 
reactants  and  products  are  given  in  Table  VIII.  Using  the 
values  in  Table  VIII,  the  various  reaction  exothermicities 
can  be  calculated.  The  exothermicities  are  tabulated  by 
electronic  state  of  Pb  in  Table  IX.  The  plus  and  minus 
signs  indicate  endothermic  and  exothermic  reactions,  respect¬ 
ively.  As  can  be  seen  from  Table  IX,  only  the  reaction 
3 

involving  P^  is  exothermic.  Still,  the  exothermicity  of 
this  reaction  is  far  less  than  the  16,024.9  cm-1  required  to 
excite  the  a  state  of  PbO.  Therefore,  the  effect  of  excited 

3 

Pb  on  the  Pb  +  02  (  E)  reaction  is  negligible. 

Pb  +  02(3E)  Reaction  Mechanisms.  Reaction  activation 
energies  obtained  during  this  experiment  are  listed  in 
Table  X.  The  activation  energy  for  the  reaction  of  Pb  with 
02(3£)  at  the  higher  pressures  is  very  close  to  the  dis¬ 
sociation  energy  of  ground  state  oxygen  of  117.12  kcal/mole 
(Ref  9:558).  Based  on  this  value,  it  is  plausible  to  sugqcst 
the  following  two-step  mechanism  for  the  formation  of  PbO* 


Pb  (g)  +  02(3E)  -  PbO (X)  +  0(3P2) 


i(g)  +  OTP2)  - 


PbO* 
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Energy 


Reactant /Product 

(kcal/mole) 

(cm-1) 

Pb(3PQ) 

46.34 

16211.4 

Pb(3P1) 

68.69 

24030.4 

Pb(3P2) 

76.78 

26861.4 

°2<3  > 

0 

0 

PbO(X) 

11.48 

4016 . 1 

o(3p2) 

59.56 

20836.2 

Table  VIII. 

Heats  of 

Formation  (Refs  21; 

29) 

Electronic 
of  Pb 

State 

Energy 

(kcal/mole)  (cm  3) 

_ _ 

3p0 

+24.70 

1 

i 

+8640.9 

3'1 

+  2.35 

+  821.9 

3p2 

+  5.74 

j 

-2009.1 

Table  IX 

.  Reaction  Exothermicities  of 
Pb(3Pn)  +  02(3E)  Where  n=0, 

1,2 
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Oxidizer 

Pressure 

(o2) 

Pressure 

(Ar) 

Temperature 

(°  K) 

E 

a 

(kcal/mole ) 

°2 (3E) 

.  3  T 

1.9  T 

1040-1086 

63.9^8.0 

.8  T 

3.3  T 

1062-1103 

115.3-22.4 

°2  ^  ^ 

.7  T 

1.0  T 

929-1048 

12.3 

.7  T 

.9  T 

940-1001 

17.4 

.8  T 

1.1  T 

929-  974 

19.2 

.7  T 

1.0  T 

929-1004 

20.7 

1 

I 

1.3  T 

1.0  T 

984-1014 

21.9 

i 

.7  T 

.9  T 

937-  989 

23.0 

1 

.7  T 

.  9  T 

809-  860 

32.4 

I 


I 


Table  X.  Activation  Energies 


The  exothermicity  of  the  reaction  in  Eq  (31)  is  33,051.5  cm 
(Ref  2:16).  As  seen  in  Figure  25,  this  energy  is  high  enough 
so  that  states  as  energetic  as  the  D  state  and  possibly 
the  E  state  could  be  formed  as  a  result  of  this  reaction. 

When  the  oxidizer  pressure  is  decreased,  the  activation 
energy  also  decreases.  This  decrease  in  activation  suggests 
a  change  in  the  reaction  mechanism.  It  is  possible  that  Pb 
is  condensing  to  the  solid  according  to  the  reaction  scheme 


Pb  + 

Pb 

+ 

M  > 

Pb2 

+ 

M 

(32) 

Pb2  + 

Pb 

+ 

M  •* 

Pb3 

+ 

M 

(33) 

Pb3  + 

Pb 

+ 

M  -> 

Pb4 

+ 

M 

(34) 
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35 

-  E 

Eq  (31) 

30 

- -  d 

25 

r * 

p  -  Eq  (35) 

-  B 

20 

-  A 

Energy  ( cm  1 ) 

.  „-3 

b 

x  10  ,  _ 

. — —  ■  a 

15 

10 

• 

5 

- 

0 

X  (Ground) 

State  Reaction 

Figure  25.  Excited  State  Energies  and 
Reaction  Exothermicities 


where  M  is  a  third  body  necessary  to  provide  decreasing 
stabilization  for  the  reaction  (Ref  30:681) .  It  is  known 
that,  if  the  concentration  of  lead  vapor  exceeds  the  equil¬ 
ibrium  saturated  concentration  by  a  factor  of  50,  then  the 
condensation  as  shown  in  Eqs  (32),  (33),  and  (34)  will  occur 
(Ref  31:70).  Shock  tube  studies  have  shown  that,  in  the 
temperature  range  of  current  interest  after  about  0.5  msec 
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all  the  gaseous  lead  has  condensed  to  small  particles  of 
solid  (Ref  30:675).  If  this  type  of  condensation  is  occurring 
to  an  appreciable  extent,  then  the  mechanism  of  the  reaction 
is  expected  to  change.  A  four-center  type  of  reaction 
occurring  on  the  surface  of  the  particles  as  shown  in  Eq  (35) 
is  a  possibility. 

Pb2  +  C>2(3I)  Pb  •••  Pb  -*■  PbO  +  PbO*  (35) 

•  * 

•  • 

•  • 

O  •  •  *  0 


The  exothermicity  of  this  reaction  is  24390.5  cm  1  (Ref  2:16). 
This  energy  is  large  enough  to  produce  PbO*  only  to  the  level 
of  the  C  state  as  seen  in  Figure  25. 

The  variation  in  exothermicities  in  different  pressure 
regimes  corroborates  Snyder's  results.  That  is,  he  observed 
an  increase  in  relative  intensity  of  higher  lying  electronic 
states  of  PbO  with  an  increase  in  oxidizer  pressure  (Ref  2:40, 
46)  . 

The  activation  energy  for  this  four-center  type  of 
reaction  may  be  roughly  approximated  by  taking  the  average  of 
the  two  bond  strengths  or  chemical  dissociation  energies, 

Dq  .  Herzberg  reports  values  of  16.4  kcal/mole  for  Do(Pb2) 
and  117.1  kcal/mole  for  Do(02)  (Ref  9:561,  558).  The 
activation  energy  is  thus  66.6  kcal/mole.  The  experimental 
activation  energy  from  Table  X  (63.9  ±  8.0  kcal/mole)  is  well 
within  experimental  error  of  this  value. 
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Pb  +  Reaction.  The  reaction  between  Pb  and 

C>2  ( 3A)  has  been  studied  by  Bachar  and  Rosenwaks  (Ref  14). 

They  have  proposed  a  mechanism  for  the  formation  of  PbO*  in 
which  the  rate  controlling  step  is 

Pb(3P2)  +  02(1A)  -»•  PbO  (X,  v)  +  0(3P)  (36) 

where  PbO(X,v)  indicates  PbO  in  vibrationally  excited 
levels  of  the  ground  electronic  state.  This  reaction  is 
expected  to  have  an  activation  energy  much  lower  than  that 
for  the  reactions  shown  in  Eqs  (30)  and  (31)  or  Eq  (35) . 
Experimentally  (see  Table  X) ,  this  has  been  shown  to  be  the 
case.  For  the  reaction  between  Pb  and  O^^A)  ,  the  results 

in  Table  X  reveal  a  very  low  activation  energy  (an  average 
of  21.0  ±  6.1  kcal/mole) .  This  value  is  much  lower  than 

3 

the  values  determined  for  the  reaction  between  Pb  and  02 (  Z). 

In  addition,  the  activation  energy  of  the  reaction 
between  Pb  and  02(‘*'A)  was  found  to  decrease  with  increasing 
oven  temperature.  From  a  previous  development,  the  concen¬ 
tration  of  Pb(3P^)  was  shown  to  increase  with  oven  temper¬ 
ature.  Based  on  the  mechanism  presented  by  Bachar  and 
Rosenwaks  (Ref  14:526),  a  decrease  in  activation  energy  is 
expected.  The  first  step  in  their  mechanism  is  the  production 

3 

of  Pb(  P^)  via  the  resonant  energy  transfer  process 

Pb(3PQ)  02  ( 1A)  -  Pb(3P1)  +02(3E)  (37) 


83 
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Since  Pb{  P^)  is  also  being  produced  thermally,  the  reaction 
in  Eq  (37)  is  enhanced  with  an  increase  in  temperature.  The 
energy  necessary  for  activation  of  the  reaction  sequence  is 
reduced  accordingly. 

It  is  obvious  that  numerous  mechanisms  are  contributing 
to  the  formation  of  PbO*  and  the  subsequent  emissions. 

These  mechanisms  are  dependent  on  the  oxidizer  being  used, 
the  oxidizer  pressure  and  the  operating  temperature.  Although 
the  complete  mechanism  for  the  reaction  of  Pb  and  O^^Xl) 
remains  to  be  determined,  it  is  clear  that  Eqs  (15)  and  (16) 
do  not  represent  a  complete  picture.  Further  research  and 
analysis  are  required  before  a  final  determination  of  the 
true  mechanisms  can  be  made. 
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V.  Conclusions  and  Recommendations 


Conclusions 

Chemiluminescent  flames  have  been  generated  using  a 
gas  flow  tube  reactor  for  the  Pb  +  and  Pb  +  0 2  } 

reactions.  Assignment  of  67  transitions  from  the  a,  b,  A, 

B  and  C  electronic  states  were  made  for  the  Pb  +  (^(^D 
reaction.  A  similar  analysis  for  the  Pb  +  reaction 

led  to  the  assignment  of  225  transitions  to  the  a,  b,  A,  B, 

C,  C ' ,  D  and  E  electronic  states.  Relative  intensities  for 

3 

transitions  from  the  a  state  of  the  Pb  +  0^(  i)  reaction 
and  from  the  A  and  B  states  of  the  Pb  +  O^f^A)  reaction 
were  tabulated  in  Deslandres  tables.  These  values  were 
compared  to  Franck-Condon  factors  (Ref  23)  and  found  to  be  in 
excellent  agreement.  The  relative  intensities  for  transitions 
from  the  a,  A,  and  B  electronic  states  were  compared  for 
both  reactions.  Significant  enhancements  of  the  A  and  B 
states  relative  to  the  a  state  were  observed  for  the 
Pb  +  (^(^A)  reaction.  By  taking  an  average  of  the  intensity 
enhancements  for  each  electronic  state,  the  enhancement 
factors  for  the  A  and  B  states  were  found  to  be  10  and  8.3, 
respectively.  This  enhancement  is  the  first  evidence  that 
it  may  be  possible  to  populate  an  upper  electronic  energy 
state  at  the  expense  of  a  lower  lying  energy  state.  A  study 
of  the  dependency  of  transition  intensity  on  oxidizer  pres¬ 
sure  was  conducted  for  the  Pb  +  (^(^A)  reaction.  Oxidizer 
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pressures  were  varied  from  0.3  T  to  1.4  T.  A  minor  enhance¬ 
ment  of  the  B  state  relative  to  the  A  state  was  noted 
from  0.3  T  to  0.7  T.  The  low  pressure  enhancement  of  the 

A  and  B  states  observed  by  Snyder  (Ref  2:40,  40)  for  the 

3  1 

Pb  +  C>2  (  £)  reaction  was  not  observed  for  the  Pb  +  0^  (  ) 

reaction . 

The  presence  of  excited  states  of  Pb  in  the  flame  reqion 
has  been  theoretically  verified.  However,  due  to  the  low 
exothermicities  involved,  the  presence  of  excited  Pb  atoms 
was  shown  to  have  little  effect  on  the  mechanism  of  the 
Pb  +  02(^£)  reaction.  Activation  energies  for  both  react¬ 
ions  were  determined.  Based  on  the  activation  energies  for 
3 

the  Pb  +  O2 (  I)  reaction,  two  possible  mechanisms  have 
been  proposed.  At  higher  oxidizer  pressures,  the  activation 
energy  approximately  equals  the  dissociation  energy  of  0?. 
This  evidence  strongly  supports  the  following  two-step 
mechanism. 


Pb  (g)  +  02(31.)  -»  PbO(X)  +  0(3P2)  (38) 

Pb (g)  +  0(3P2)  -  PbO*  (39) 

At  lower  oxidizer  pressures,  that  is,  lower  activation 
energy,  the  following  four-center  mechanism  was  proposed  to 
account  for  this  result. 
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Finally,  the  activation  energies  for  the  reaction  of  Pb  + 

1  i 

02  (  .1)  were  found  to  be  much  lower  than  for  the  Pb  +  0^(^:  ) 
reaction.  This  evidence  is  the  first  experimental  verifica¬ 
tion  of  the  mechanism  proposed  by  Bachar  and  Roscnwaks  (Ref  14) 
for  the  reaction  of  Pb  +  ( "''A )  . 

Recommendations 

New  Grating.  The  new  1180  line/mm  grating  blazed  at 

O 

3000  A  should  be  installed  in  the  0.5  m  Jarrell-Ash.  Spectra 
from  the  Pb  +  02(^A)  reaction  should  be  rerun  from  2000  A 

O 

to  4000  A.  The  increased  spectral  response  will  allow  finer 
resolution  and,  therefore,  better  bandhead  assignments  in 
this  region. 

New  Manifold.  A  new  Pyrex  manifold  should  be  constructed. 
The  angled  holes  along  the  top  edge  should  be  eliminated. 

In  addition,  a  series  of  holes  directed  vertically  along  the 
top  surface  should  be  added  to  create  a  gas  curtain  effect  to 
prevent  flaring  of  the  flame. 

Photon  Counter.  The  C3103402  PMT  should  be  utilized  in 
the  photon  counting  mode  in  conjunction  with  the  new  EG&G 
signal  averager.  This  should  significantly  increase  the 
signal-to-noise  ratio  and  the  resolution  capabilities  to 
allow  more  accurate  determinations  of  bandheads. 
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Modulated  Spectra.  The  modulation  capabilities  of  the 
microwave  generator  should  be  utilized.  The  resulting  spectra 
will  illustrate  the  relative  enhancements  in  intensity  of 
the  transitions  from  the  Pb  +  )  and  Pb  +  0  (^A) 

reactions . 


Flame  Measurements.  The  flow  tube  should  be  modified  to 
permit  the  taking  of  temperature  and  intensity  measurements 
as  a  function  of  vertical  position  in  the  flame.  This  will 
allow  the  determination  of  the  dependence  of  the  kinetic 
mechanisms  on  the  relative  position  in  the  flame. 


Pb  Concentration .  The  concentration  of  Pb  in  the  P^  , 

3  3 

P,  and  P  states  should  be  determined.  Excited  atomic 
1  2 

Pb  should  be  produced  via  a  microwave  discharge.  By  measuring 
the  absorption  of  Pb  emissions  from  the  discharge  by  the  flame, 
the  relative  concentrations  of  the  excited  states  of  Pb  can 
be  determined. 


Activation  Energies.  The  activation  energies  of  the 
Pb  +  02<^A)  reaction  should  be  determined  as  a  function  of 
the  electronic  transition.  From  this  information,  the 
kinetic  mechanism  as  a  function  of  wavelength  can  be  deter¬ 
mined  . 
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Appendix  A 


j'hotog  raphs 


Figure  A-l.  Flow  Tube  System 


Figure  A-2.  Furnace  Chamber 
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Figure  A-3. 


Oxidizer  Manifolds 


Figure  A-4.  Discharge  Cavity  Assembly 
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Appendix  D 

Photomul tiplier  Tubes 
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Figure  D-l.  PMT  Characteristics  (Ref  32) 


Wavelength  (nm) 


Figure  D-2.  PMT  Response 
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Appendix  E 

Ftart-ut-  and  Chut -Jov.'i  Fteps 


After  the  aluminum  oxide  crucible  has 
lead  and  the  flow  tube  assembled,  then  the 
up  procedures  should  be  used  to  generate  a 


been  filled  with 
following  start- 
flame  . 


1.  Turn  on  the  PMT  pow^r  supply  and  current  amplifier  at 
least  30  minutes  prior  to  a  run  in  order  to  stabilize 
these  electronic  systems. 

2.  Tighten  all  vacuum  clamps. 

3.  Close  the  vacuum  release  valve  (see  Figure  6} . 

4.  Turn  on  the  cooling  water  to  the  furnace  cooling  coils. 

5.  Start  the  main  vacuum  pumps  (one  at  a  time  due  to 
high  current  demand) . 

6.  Open  the  main  vacuum  valve  (see  Figure  6). 

7.  Start  the  vacuum  pump  connected  to  the  reference  side  of 
the  MKS  Raratron  77  pressure  head. 

8.  Turn  on  the  Baratron  gauge  (see  Instruction  Manual  for 
bakeout  and  operational  procedures) . 

9.  When  the  pressure  is  less  than  2 0 0 p  of  Ilg ,  open  the 
valves  to  the  Baratron  pressure  head  and  to  the 
reference  pump. 

10.  Increase  the  voltage  to  the  furnace  heater  power  supply 
to  the  desired  level  (~  1  V  per  2  minutes) . 

lit  Turn  on  the  main  power  switch  to  the  microwave  generator. 
Wait  three  minutes  and  turn  on  the  high  voltage  switch. 

CAUTION:  Never  turn  on  the  generator  without  a 

properly  terminated  load. 

12.  With  the  Baratron  gauge  zeroed,  adjust  the  oxidizer 
pressure . 

13t  Increase  microwave  power  to  maximum  and  ignite  the  plasma 
with  a  Tesla  coil. 

CAUTION:  Never  operate  the  generator  for  more  than  a  few 

minutes  with  a  S.W.R.  greater  than  3  where 
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S  .  W .  R . 


1  + 

1  - 


Reflected 

Forward 


Power 
Powe  r 


Reflected 


Forward 


Powe  r 
Power 


* 

14.  Adjust  the  microwave  cavity  for  minimum  reflected  power. 

* 

15.  Adjust  the  microwave  generator  to  desired  output  povor. 

16.  Adjust  the  carrier  gar  nressure. 

Shut-down 

1.  Turn  off  the  main  power  supply  to  the  furnace  heater. 

ir 

2.  Turn  microwave  power  to  zero  at  the  generator. 

3?  Turn  off  the  high  voltage  switch  and  then  the  power 
switch  of  the  microwave  generator. 

4.  Turn  off  the  oxidizer. 

5.  Allow  10  to  15  minutes  for  the  furnace  section  of  the 
flow  tube  to  cool  and  for  the  reaction  products  to  be* 
removed  from  the  flame  region. 

6.  Close  the  valves  to  the  Baratron  pressure  head  and  to 
the  reference  pump.  Turn  off  the  reference  pump. 

7.  Close  the  main  vacuum  valve. 

8.  Shut  off  the  pumps  and  open  the  vacuum  release  valve. 

9.  When  the  tube  is  at  positive  pressure,  turn  off  the 
carrier  gas. 

*  These  steps  are  followed  when  microwave  excited 
oxidizers  are  being  used. 
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Appendix  F 

Pressure  Variation  Spectra 


The 

pressure 


following  eight  pages 
variation  runs  of  the 


display  spectra  from  the 
Pb  +  reaction. 
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Appendix  G 


Temperature  Measurements 


with 

Heater  Off  - 

o2(3n 

f 

Run  # 

Time 

( sec) 

Voltage 

(V) 

Temperature 

(°K) 

Intensity  (I) 

In  I 

1 

0 

30.6 

1033 

16.0 

2.77 

7.5 

10.4 

2.34 

20.0 

29.3 

1002 

1.5 

0.41 

32.0 

27.5 

959 

0.2 

-1.6 

■ 

42.0 

26.1 

926 

0 

2 

0 

32.7 

1084 

17.0 

2.83 

: 

i 

8.0 

31.7 

1060 

11.2 

2.42 

; 

14.0 

30.0 

1019 

4.1 

1.41 

i 

I 

25.0 

27.9 

969 

0.5 

-0.69 

i 

1. 

i 

40.0 

25.4 

910 

0 

1 
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